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Epithelial (E)-cadherin receptors form adhesive bridges linking cells into 
tissues, and through interactions of their cytoplasmic tails with the actin 
cytoskeleton they provide mechanical coupling between neighbouring cells, 
which is essential for epithelial morphogenesis and homeostasis. Crystal 
structures of E-cadherin extracellular domains exhibit a lattice with specific 
cis and trans interactions. However, the density of E-cadherin measured at 
adherens junctions is far below the crystal lattice packing. Addressing this 
conundrum has been difficult because the structure of adherens junctions is 
not resolvable by diffraction-limited microscopy. Here, we used super-
resolution microscopy to elucidate the nanoscale architecture of adherens 
junctions in mammalian epithelial cells at ~30nm resolution, and evaluated the 
contributions of the cytoplasmic tail and filamentous (F)-actin as well as 
extracellular interactions. We found that both apical and lateral junctions are 
composed of discrete clusters, the majority of them composed of 3-10 E-
cadherin receptors, with densities about 10-fold lower than the crystal packing 
density. Surprisingly, such clusters could form independently of trans- or cis-
interactions, but the majority of apical clusters were adhesive and contained 
sub-domains with densities befitting crystal lattice packing. In agreement with 
this observation, differential labeling of E-cadherin in neighbouring cells 
revealed that while the proportion of adhesive clusters in apical junctions was 
high, only a subset of lateral clusters were adhesive. Importantly, we could 
detect densities consistent with the crystal structure lattice at the core of 
adhesive clusters, which were dependent on extracellular domain interactions. 
Strikingly, we discovered that the cytoplasmic tail of E-cadherin limited 
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cluster size, and determined this to be a result of its interaction with F-actin. 
Dual-colour super resolution imaging revealed a mutually exclusive 
localization, in which E-cadherin clusters were surrounded by an F-actin 
meshwork. Depolymerizing F-actin, deletion of cytoplasmic tail of E-cadherin, 
as well as strengthening the trans-interaction led to a growth in E-cadherin 
cluster size. Furthermore, formin inhibition disrupted actin structures at AJs as 
well as cortex, leading to enlarged cell area, but shortened cell height and 
squeezed junction size. And the F-actin stripes came closer to the cytoplasmic 
tails of E-cadherin after formin inhibition. These findings suggest that the 
basic unit of E-cadherin adhesion is a cluster composed of a small number of 
E-cadherin receptors, which are loosely packed within each cluster and 
corralled by the cortical F-actin meshwork. Such precursors then become 
trans-ligated and forms mature apical junctions. Thus, our results elucidate the 
nanoscale architecture of adherens junctions, as well as the molecular 
mechanisms driving its assembly. 
In addition to E-cadherin nano-structures, the molecular architecture of 
junctional proteins at apical junctions was also investigated. Starting from E-
cadherin cytoplasmic tail, other proteins such as β-catenin, α-catenin, and 
vinculin are layered up at adherens junctions to form bridge towards F-actin. 
Surprisingly, myosin IIA has longer distance relative to cadherin-catenin 
complexes, indicating a different population of F-actin further away from 
adherens junctions, which is responsible for actomyosin contractility 
generation. These findings visualized and revealed the molecular hierarchy of 
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Chapter 1. Introduction 
1.1 Adherens junctions 
The transition from unicellular organisms to multicellular animals required 
the evolution of cellular structures to connect cells with each other (Abedin 
and King 2010, Murray and Zaidel-Bar 2014). In fact, multicellular animals 
ensure their body and tissue integrity via the establishment, maintenance and 
regulation of reliable and stable inter-cellular connections. However, the types 
of such junctions within various tissues and organs are diverse, including 
different combinations of tight junctions, adherens junctions, desmosomes, 
and septate junctions, which are formed with distinct molecular components 
and distributions (Evans and Martin 2002, Matter and Balda 2003, Alberts, 
Johnson et al. 2014). Among them, adherens junctions (AJs) are one of the 
most pervasive junction types, which can be found in all metazoan phyla (Oda 
and Takeichi 2011). AJs refer to any inter-cellular interactions that use 
cadherin as adhesion receptor and connect with the actomyosin skeleton 
(Duguay, Foty et al. 2003, Patel, Chen et al. 2003, Hulpiau and van Roy 2009, 
Zaidel-Bar 2013), which can be found in many cell types such as epithelia 
(Baum and Georgiou 2011), fibroblast (Yonemura, Itoh et al. 1995), and 
neurons (Takeichi 2007). In this thesis, we mainly focus on the AJs in 
epithelial cells, and the overall features and positions of AJs in such cell type 
are shown in Figure 1.1. 




Figure 1.1 Adherens junctions (shown as a solid red oval) primarily link actin 
filaments (red lines) across polarized epithelial cells. In these cells, this results 
in the formation of contractile bundles of actin and myosin filaments near the 
apical surface. Other junctions termed desmosomes (large blue rectangles) and 
hemi-desmosomes (small blue rectangles) link intermediate filaments (blue 
lines) between cells and with the extracellular matrix, respectively (MBI 2011). 
Used by permission from MBInfo: www.mechanobio.info; Mechanobiology 
Institute, National University of Singapore. 
1.1.1 Compositions and organizations of AJs 
The major building block of AJs is the cadherin-catenin complex, which 
forms bridges between adjacent cells through cadherin extracellular domains 
and connections to the intracellular cytoskeleton through the catenins. A core 
components of the complex is a transmembrane adhesion receptor of the type I 
cadherin family (Takeichi 1991). The first discovered classical cadherin being 
found in embryo was epithelial cadherin (E-cadherin), which is important for 
embryonic development and tissue integrity maintenance in the adult bodies 
(van Roy and Berx 2008), whereas other cadherins are found in similar 
structures in other cell types. The structure of cadherins has been extensively 
characterized. The extracellular portion has five consecutively-linked 
extracellular-cadherin (EC) domains with about 110 amino acid each (Brasch, 
Harrison et al. 2012), and the cytoplasmic tail consists of different catenin 
binding sites (Stappert and Kemler 1994, Thoreson, Anastasiadis et al. 2000). 
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The EC domains are capable of two types of  interactions: trans- or cis-
interactions (Brasch, Harrison et al. 2012). According to crystallography data 
by Harrison et al. (Harrison, Jin et al. 2011), the trans-interaction is formed 
through two-step bindings between two EC1 domains of cadherins from 
apposing cells, starting from X-dimers to strand swap configuration. The same 
research group also showed that cis-interactions could be accomplished 
through bindings between the EC1 and EC2 domains of two cadherins from 
the same cell. Importantly, the cis and trans interfaces are different, resulting 
in that the two interactions can be achieved simultaneously for single cadherin 
molecule, leading to one trans-interaction and two cis-interactions that are 
finally developed into cadherin lattices in between tow apposing cells 
(Harrison, Jin et al. 2011, Wu, Vendome et al. 2011). Nevertheless, some 
experiments and models suggested that the cis-interactions are quite weak, and 
are only detectable together with trans-interactions, since the trans-dimers 
reduce the molecular flexibility and the overall entropy of the system, 
enabling the formation of cis-dimers (Zhang, Sivasankar et al. 2009, Wu, Jin 
et al. 2010, Brasch, Harrison et al. 2012).  
The extracellular interactions on their own are far from sufficient to 
achieve reliable and stable AJs, and the cytoplasmic interactions that link 
cadherin with the cytoskeleton via catenins and various other plaque proteins 
are essential to maintain the integrity of AJs and to facilitate signaling 
pathways and mechanical transduction (Meng and Takeichi 2009, Borghi, 
Sorokina et al. 2012, Twiss and de Rooij 2013, DeMali, Sun et al. 2014). The 
juxtamembrane domain (JMD) and catenin-binding domain (CBD) are the two 
major domains at the cadherin cytoplasmic tail (~150 residues), binding to 
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P120-catenin and β-catenin, respectively (Stappert and Kemler 1994, 
Thoreson, Anastasiadis et al. 2000). β-catenin is able to bind α-catenin, which 
is postulated to connect the whole complex to the actin cytoskeleton either 
directly or through interaction with other actin-binding proteins, such as 
vinculin, eplin, and zyxin (Drees, Pokutta et al. 2005, Yonemura, Wada et al. 
2010, Desai, Sarpal et al. 2013, Buckley, Tan et al. 2014). A detailed 
inventory of the structural and regulatory components of AJs has been 
described by Ronen Zaidel-Bar (Zaidel-Bar 2013). Figure 1.2 includes some 
of the structural proteins and interactions that potentially can form a linkage 
between the plasma membrane and filamentous actin (F-actin) within adherens 
junctions.  
 
Figure 1.2 Structural components of AJs that might play a role in linking the 
membrane with F-actin. Solid lines represent interactions in AJs, and dotted 
lines represent interactions found elsewhere. Green box: adhesion receptor, 
blue circle: transmembrane protein, violet box: adaptor, and yellow circle: 
motor protein(Zaidel-Bar 2013). Reproduced with permission from Journal of 
Cell Science. 
Chapter 1. Introduction 
5 
 
1.1.2 Formation and disassembly of AJs 
Similar to other multi-protein complexes, nucleation and elongation are 
the two key steps during AJs assembly. The nucleation of AJs could occur at 
the initial contacts of two meeting cells, through lamellipodia or interdigitating 
filopodia of two adjacent cells (McNeill, Ryan et al. 1993, Adams and Nelson 
1998). The binding reactions among EC domains of cadherins (trans- and cis- 
interactions) could be the driving force for nucleation, an idea which has been 
supported by live-imaging experiments of a tailless cadherin mutant producing 
cadherin clusters at AJs (Hong, Troyanovsky et al. 2010). At the cell surface, a 
single cadherin trans-dimer cannot stand long on its own, as suggested by in 
vitro force measurements (Baumgartner, Hinterdorfer et al. 2000). Such a 
dimer can only be stabilized if lateral interactions with other trans-dimers are 
established. The initial formation of trans-dimers between monomers diffusing 
at cell surface was demonstrated to be a rare case, and a “diffusion trap” was a 
prerequisite for nucleation of a junction, according to molecular dynamics 
simulations (Zhang, Sivasankar et al. 2009). The formation mechanism and 
the participants of such a diffusion trap are still unknown. Interestingly, single 
molecule tracking of E-cadherin on the dorsal surface of cells with magnetic 
tweezers has produced evidence of constrained movement (Sako, Nagafuchi et 
al. 1998), leading to the hypothesis that E-cadherin receptors are corralled by 
actin cortex fences (Kusumi, Suzuki et al. 1999). What the role of such actin 
fences might play at AJs has not been established. Elongation of such adhesive 
nuclei is crucial to develop mature AJs. In some cell types, a flow of cadherin 
clusters along the lateral membrane, in a direction of basal to apical, was 
observed (Kametani and Takeichi 2007, Hong, Troyanovsky et al. 2010). It 
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has been speculated that the spot-like cadherin clusters at lateral junctions 
(puncta adhaerentia) are merging into the belt-like adherens junction at apical 
site (zonulae adhaerentes), and a qualitative change in organization might be 
happening during such processes (Yonemura, Itoh et al. 1995, Adams, Nelson 
et al. 1996). However, the detailed mechanisms of such a process remain 
elusive.  
The predicted density of cadherin molecules from crystalline studies is 
~36,000 molecules per μm2, if counting cadherins from both sides of the 
junction (Harrison, Jin et al. 2011). Paradoxically, the cadherin molecular 
density at AJs, as measured by several research groups on different models, 
appears to be orders of magnitude smaller (Hirokawa and Heuser 1981, 
Miyaguchi 2000, Garrod and Kimura 2008). Although, there are several 
hypothetical models explaining this discrepancy, no one has clearly shown the 
structural properties that explain the gap between crystalline structures and the 
real AJs.  
Interestingly, the AJs are dynamic, continuously gaining and losing 
cadherins and remodeling junction shape and strength. Fluorescence recovery 
after photobleaching (FRAP) experiments at either apical or lateral junctions 
indicated that cadherin molecules are added to and moved away from AJs 
continuously (Yamada, Pokutta et al. 2005, Stehbens, Paterson et al. 2006, 
Lambert, Thoumine et al. 2007, Hong, Troyanovsky et al. 2010). ATP 
depletion does not interfere with recruitment of cadherins to AJs, but stabilizes 
strand-swap dimers and prevents cadherin molecules moving out of junctions, 
suggesting that while assembly is spontaneous, AJ disassembly is an active 
energy consuming process (Troyanovsky, Sokolov et al. 2006, Hong, 
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Troyanovsky et al. 2010). Clathrin-dependent endocytosis is thought to be one 
of the active mechanisms to remove cadherin molecules from AJs, since AJs 
are stabilized after inhibition of clathrin-dependent endocytosis (Troyanovsky, 
Sokolov et al. 2006, de Beco, Gueudry et al. 2009, Hong, Troyanovsky et al. 
2010).  
1.1.3 Functions and importance of AJs 
In addition to physically linking the actin cytoskeleton of adjacent cells, 
AJs also act as signaling mediators from one cell to another. By virtue of their 
position and the fact that cell-cell junctions are often challenged by pulling 
forces from internal contractility and/or external stretching or shear stress, the 
“adhesion receptor-adaptor-F-actin” chain of proteins is often under tension, 
and their function is to transmit the tensile forces from outside of the cell to 
the actin cytoskeleton and vice versa (le Duc, Shi et al. 2010, Liu, Tan et al. 
2010, Yonemura, Wada et al. 2010). While the existence of such tension has 
been postulated for a long time, only recently it was demonstrated 
experimentally and measured. Cadherin-mediated adhesions applied an 
average force of 15 nN to 160 nN as measured by deformation of rigid 
micropillars, and cell-cell junctions in doublets pulled on each other, 
respectively (Ladoux, Anon et al. 2010, Liu, Tan et al. 2010, Maruthamuthu, 
Sabass et al. 2011). Importantly, constitutive tension is a requisite for stable 
AJ, and inhibiting cellular contractility leads to AJ disassembly (Shewan, 
Maddugoda et al. 2005, Miyake, Inoue et al. 2006, Liu, Tan et al. 2010). 
Recent work may explain, in part, the molecular basis of force-dependent AJ 
assembly: when alpha-catenin is in a complex with cadherin-bound beta-
catenin it can effectively bind F-actin only if the interaction is under tension 
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(Buckley, Tan et al. 2014). Besides, AJs dynamics are also regulated partially 
by the dynamics of actin (Cavey, Rauzi et al. 2008, Chu, Pan et al. 2012, Hong, 
Troyanovsky et al. 2013, Abu Taha, Taha et al. 2014), and molecular 
complexes of AJs are somehow responsible for generation of contractile 
forces (Yamada and Nelson 2007, Ratheesh, Gomez et al. 2012, Simoes Sde, 
Mainieri et al. 2014). As such, AJs are essential for many morphogenetic 
processes, such as, embryonic development, embryonic morphogenesis and 
cell migration as well as tissue homeostasis (Angres, Muller et al. 1991, Costa, 
Raich et al. 1998, Kurth, Fesenko et al. 1999, Wang, Dumstrei et al. 2004, 
Pacquelet and Rørth 2005, Friedl and Gilmour 2009, Moh and Shen 2009, 
Stepniak, Radice et al. 2009, Weijer 2009, Grana, Cox et al. 2010). 
Furthermore, several diseases are associated with weakening or loss of AJs. 
For example, decrease in E-cadherin expression levels in carcinomas is a 
hallmark of the epithelial-mesenchymal transition and correlates with 
increased metastasis (Shook and Keller 2003, Berx and van Roy 2009). AJs 
are also ’hijacked’ by microbial pathogens to gain entry into the cell and 
spread infections (Sansonetti, Mounier et al. 1994, Lecuit, Vandormael-
Pournin et al. 2001, Disson, Grayo et al. 2008, Gonzalez-Mariscal, Garay et al. 
2009, Sansonetti and Medzhitov 2009, Nikitas, Deschamps et al. 2011). In this 
regard, it is of central importance to thoroughly understand everything about 
AJs, including components, architecture, formation, regulation, disassembly, 
as well as functions. Nevertheless, till now, not much has been discovered 
regarding the molecular structure and nano-scale architecture of mature apical 
and lateral AJs. 
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1.1.4 F-actin structures at AJs 
As introduced above, robust AJs depend on both extracellular interactions 
of cadherins and intracellular connections to the cytoskeleton. Specifically, 
their size, mobility and compositional turnover largely rely on associations 
with actin filaments (Cavey, Rauzi et al. 2008, Hansen, Kwiatkowski et al. 
2013, Buckley, Tan et al. 2014, Engl, Arasi et al. 2014, Wu, Gomez et al. 
2014). Two distinct populations of actin have been observed at junction sites 
(Cavey, Rauzi et al. 2008, Truong Quang, Mani et al. 2013, Engl, Arasi et al. 
2014, Wu, Gomez et al. 2014, Wu, Kanchanawong et al. 2015). One of them 
is the most commonly described and characterized F-actin bundles running 
parallel to the plasma membrane (Yonemura 2011), (Figure 1.3A, green 
arrows). This subset of actin filaments at AJs is insensitive to latrunculin 
treatment, and responsible for contractile force generation (Zhang, Betson et al. 
2005). The second population of F-actin is closer to cadherin-catenin complex 
(Figure 1.3A, yellow arrows) (Zhang, Betson et al. 2005), and probably 
stabilizes cadherin-catenin complexes at AJs (Cavey, Rauzi et al. 2008). 
Figure 1.3B illustrates the two distinct populations of actin at AJs. 
Interestingly, AJs often undergo contractile forces from neighbouring cells 
and also from intracellular cytoskeletons, where F-actin together with other 
motor proteins at AJs is responsible for contractility generation (Engl, Arasi et 
al. 2014).  Changes in actomyosin contractility regulate E-cadherin based AJs, 
by showing enhanced recruitment of E-cadherin molecules to AJs when the 
actin concentration becomes high. On the contrary, AJs also regulates F-actin 
structures and dynamics at AJs. Branched actin polymerization is induced by 
recruiting Arp2/3 complex to AJs, where cadherin homophilic bindings take 
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place (Kovacs, Goodwin et al. 2002, Verma, Shewan et al. 2004). Owing to its 
poor intrinsic nucleation ability, the Arp2/3 complex requires activation by 
nucleation-promoting factors, such as WASP and WASP-family verprolin-
homologous protein (WAVE) (Marchand, Kaiser et al. 2001). N-WASP is 
associated with endothelial AJs via an interaction with p120-catenin (Rajput, 
Kini et al. 2013). WAVE2 is known to associate with E-cadherin in epithelial 
cells, but the binding partner is not known (Verma, Han et al. 2012). Besides, 
Formin-1 is also associated with cadherin-catenin complexes, which can act as 
a nucleator for F-actin formation (Kobielak, Pasolli et al. 2004). It suggests 
that formin-1 dependant nucleation of actin assembly to the site of AJs might 
be the driving force of actin dynamics. Rho signalling activation of myosin II 
also happens at E-cadherin adhesions, where cadherin-catenin complex 
controls Rho activators and inactivators to regulate actomyosin contractility 
(Yonemura, Hirao-Minakuchi et al. 2004, Ratheesh, Gomez et al. 2012).  
  
Figure 1.3 (A) Electron micrographs (EM) of MTD-1A cells illustrating the 
mode of association of actin filaments with AJs. Green arrows show actin 
filaments parallel to AJs, and yellow ones indicate actin structures closer to 
cadherin-catenin complexes (Staehelin 1979). (B) Two actin pools regulate the 
stability and mobility of homo-E-cad clusters in AJs. The two actin pools are 
A                                                                                                                  B 
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distinct with respect to their dynamics and function and are probably 
intermingled at AJs (Cavey, Rauzi et al. 2008). Reproduced with permission 
from Nature Publishing Group. 
Kusumi and co-workers suggested that the cortical F-action might act as a 
corral for E-cadherin clusters by investigating the diffusivity of E-cadherin at 
cell membrane using single molecular tracking under optical tweezers (Sako, 
Nagafuchi et al. 1998, Kusumi, Suzuki et al. 1999). Current developments in 
optical microscopy facilitated visualization of the actin structures at the cell 
cortex at unprecedented resolution (Figure 1.4), showing a nano-scale 
meshwork with hole size around 100 nm (Xu, Babcock et al. 2012). These 
results are consistent with electron tomography studies on cell lamellipodia 
(Svitkina, Verkhovsky et al. 1997, Yang and Svitkina 2011). Nevertheless, the 
nano-scale structures of these two populations at AJs is still poorly understood, 
leaving open questions like what is the spatial relationship between actin 
filaments and cadherin clusters, and how the two actin populations affect the 
clustering of cadherins at AJs.  




   
Figure 1.4 (A) Dual-objective STORM image of F-actin (labeled with Alexa 
Fluor 647-phalloidin) in a COS-7 cell. The z positions are colour coded. (B) 
Close-up of boxed region in A (Xu, Babcock et al. 2012). Reproduced with 
permission from Nature Publishing Group. (C) EM of detergent-extracted 
cells for actin filaments in keratocyte lamellipodia. (D)&(E) Close-up of 
boxed regions in C. (F) to (H) Enlarged view from D and E (Svitkina, 
Verkhovsky et al. 1997). 
1.2 Super-resolution microscopy 
Visualization of biological processes at both cellular and subcellular levels, 
is of central importance to understand their structures and functions. Various 
microscopy techniques have been playing such a role since the seventeenth 
century, and are continuously developing to see smaller and clearer. Among 
them, optical microscopy with specific fluorescent labeling of cellular 
molecules is one of the most widely applied techniques, which allows specific 
A                                                 B 
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observation according to different labeling reagents. However, its applications 
have been capped by resolution limits, leaving many biological structures too 
small to be clearly observed. The limits are defined by the diffraction of light, 
which could be estimated as the point spread function (PSF). Specifically, a 
point object in a microscopy generates an image at the intermediate place that 
consists of a diffraction pattern created by the action of interference. The 
general pattern of such interference forms a central spot with a series of 
diffraction rings. The numerical description of such pattern is PSF, which 
expresses the normalized intensity distribution of the point-source image. The 
size of the central point is related to the light wavelength and the aperture 
angle of the objective, which is usually the numerical aperture (NA) of the 
microscope. Thus the resolution can be defined by the smallest distance 
between two points to distinguish them: 
                                           Resolution(x,y) = 2λ/NA2                                   (1.1) 
where λ is the average excitation wavelength of fluorescence. The NA is 
defined by the refractive index of the imaging medium (usually oil for 100× 
objective, 1.45). Under normal condition, the lateral (x-y) limit is about 200-
300 nm, with around 500 nm for axial direction. The diffraction limit is 
unavoidable for conventional fluorescent microscopy, resulting in 
undistinguishable fluorescent signals if the distance between two fluorophores 
is smaller than the diameter of one signal defined by the point spread function. 
In order to overcome the diffraction limits, various super-resolution methods 
have been developed recently. Structured illumination microscopy (SIM) 
(Gustafsson 2005) offers the x-y resolution (~100 nm) about 2 times better 
than the normal microscopy. It employs multiple known patterned excitations 
Chapter 1. Introduction 
14 
 
to calculate the high resolution image according to a Fourier-Transformed 
based analysis of raw data sets. Stimulated emission depletion (STED) (Hell 
and Wichmann 1994, Klar and Hell 1999) reduces the effective radius of the 
PSF via de-exciting the outlying ring of fluorophores, leaving the signal near 
centre of PSF detected. This method can improve the resolution to 20-100 nm 
in x-y plane. The other form of super-resolution is localization based 
microscopy, such as stochastic optical reconstruction microscopy (STORM) 
(Rust, Bates et al. 2006), and photoactivated localization microscopy (PALM) 
(Betzig, Patterson et al. 2006), which rely on large number of single molecule 
detections for reconstruction. The x-y resolution is around 20 nm using this 
method. These techniques dramatically improve the spatial resolutions of 
fluorescent microscopy, leading to the smallest resolvable structures down to 
nanometre scale.  
The electron microscope (EM) also has been developed and improved for 
better visualization ability for biological structures under nanometre scale. 
However, when it is used for molecular complex investigations, there are 
some limitations to restrict its ability to establish accurate molecular 
architectures. Firstly, physiological conditions are very hard to be maintained 
when imaging the samples under EM. The invention of cryo-EM makes up for 
the shortage, however, it is still infeasible to evaluate the dynamics of AJs. 
Second, due to limited number of protein probes available, it is almost 
impossible to reveal the multi-protein ultrastructure under EM, since the 
molecular complex usually contain considerable number of proteins. This set 
up a high barrier for applying EM in this field, if protein probes for EM cannot 
be developed rapidly. In terms of optical super-resolution microscopy, the 
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resolution that SIM and STED provide is not satisfactory to examine the 
structures smaller than 100 nm. Therefore, in this thesis, we mostly focused on 
single molecule localization microscopy, with a resolution around 20 nm for 
x-y plane, and 100 nm for z direction, and which can be used to visualize 
many different proteins.(Huang, Bates et al. 2009, Dempsey, Vaughan et al. 
2011)  
1.2.1 Stochastic optical reconstruction microscopy (STORM) 
This method was first published by Rust et al. in 2006 (Rust, Bates et al. 
2006). The individual fluorescent molecules are stochastically switched on or 
off, leading to a small subset of molecules being activated. Such sparsely 
distributed fluorescent signals are then accurately localized separately, with 
mathematical fitting to each signal. A large number of frames containing such 
localizations are finally reconstructed to a high resolution image. The detailed 





Figure 1.5 Principle of super-resolution single molecule localization 
microscopy. (A) Under conventional microscopy, all fluorophores are detected 
simultaneously, overlapping with each other, leading to diffraction limited 
resolution. The details of the structure are lost. (B) Sparse subset of 
fluorophores are activated in different frames, and their positions could be 
identified and localized accurately according to mathematical fittings. (C) 
Reconstructed image from all the localizations from (B), with dramatically 
improved resolution. The scale bar in (C) is 2 µm. 
A                                                B                                                C 
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To achieve partial activation of fluorophores without overlapping, suitable 
photoswitchable dyes and fluorescent proteins should be selected carefully, 
and at the same time, appropriate imaging conditions should be tuned, 
allowing only for a tiny fraction activated. Till today, many photoswitchable 
dyes, such as cyanine dyes Cy3 to Cy5 (Bates, Blosser et al. 2005, Rust, Bates 
et al. 2006, Bates, Huang et al. 2007, Heilemann, van de Linde et al. 2008), 
Alexa Fluor 488 to 647 (Dempsey, Vaughan et al. 2011), and Atto dyes 488 to 
655 (Dempsey, Vaughan et al. 2011), have been discovered and implemented 
for STORM applications. Zhuang’s group (Bates, Huang et al. 2008, Huang, 
Babcock et al. 2010) investigated the performances of 26 organic dyes for 
STORM imaging, and two major criteria have been suggested for this 
evaluation: the number of photons detected per switching event and the 
fraction of time a fluorophore spends in the on state (duty cycle). Generally 
speaking, high photon number and low duty cycle are desirable for accurate 
localization of each switching event and sufficient number of localizations for 
reconstruction. Otherwise, as illustrated in Figure 1.6, if the photon number is 
low, localization precision is compromised, while the localization number is 
insufficient if the duty cycle is high. Under such guidelines, several well 
performing dyes with high photon number and low duty cycle at different 
wavelength have been identified, such as Atto 488, Cy3B, Alexa Fluor 647 
and Dylight 750, which enable multicolour imaging for complex biological 
structures and even molecular interactions.  




Figure 1.6 (a) A fluorophore with high photon number and low duty cycle 
produces a hollow, ring-like image with high localization precision and 
sufficient density. (b) A fluorophore with low photon number and low duty 
cycle maintains a large number of localizations but suffers reduced 
localization accuracy, obscuring the ring-like structure. (c) A fluorophore with 
high on-off duty cycle requires reduction in the density of fluorescent probes 
to allow single-molecule localization, which in turn reduces the number of 
localizations and adversely affects the overall resolution. (d–f) Single-
molecule fluorescence time traces for (d) Alexa Fluor 647, (e) Atto 655 and (f) 
Cy5.5. These dyes represent the scenarios in a–c. (g–l) The number of 
detected photons was determined for each switching event, and a histogram 
was constructed from many events from hundreds of molecules (g,i,k). The 
indicated mean value was derived from the single exponential fit of the 
distribution (red curves). The duty cycle value was the average duty cycle 
measured between 400–600 s (grey box). The fraction of molecules that 
survived photobleaching was plotted together with the duty cycle (blue 
squares) (Dempsey, Vaughan et al. 2011). Reproduced with permission from 
Nature Publishing Group. 
Most biological complexes occupy a volume in space, instead of a single 
plane. Thus, a complete 3-dimentional (3D) picture of protein positions is 
essential to resolve the entire structure. Although the resolution from STORM 
can be improved to 20 nm scale at x-y direction, the axial information is still 
missing. The standard PSF is spherical in shape and symmetrical in x and y 
directions. The changes in z positons only alter the size and intensity of PSF 
slightly. To add one dimension to x-y plane without compromising the lateral 
resolutions, astigmatism could be applied by inserting a weak cylindrical lens 
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in between the objective and imaging lenses (Huang, Wang et al. 2008). As 
shown in Figure 1.7a, the fluorophores right at the focal plane possess a 
spherical shape, while the ones closer to the objective lens are elongating 
along the y direction, and the ones further away from the objective lens exhibit 
longer x axis. Thus, the ellipticity could be determined according to the length 
of the signal along x or y directions. Briefly speaking, the calibration curve 
containing information of ellipticity-z positons correlations should be obtained 
by z-scanning of fiducial points, prior to extracting z values for proteins in 
biological samples. The detailed methods will be described in Chapter 2. Most 
importantly, no sample scanning is required during acquisition of real samples, 
which saves the imaging time and reduces the drift of the sample during 
acquisition. And the z resolution could be improved by 5 fold from 500 nm in 
conventional microscopy to 100 nm in 3D-STORM. However, the z-range has 
been limited to about 800 nm in maximum, according to the detectable PSF 
received by camera.  
  
A                                                               B 
C                                                             D 
Chapter 1. Introduction 
19 
 
    
Figure 1.7 3D STORM imaging. (A) Signal shapes for standard PSF and the 
ones with astigmatism. (B) Calibration of ellipticity curve based on positions 
of fiducial point relative to focal plane. Calibration data should contain the 
PSF at discrete z step series. Using Nikon Elements, the minimum step size is 
25 nm and the z-scanning is repeated 20 times. (C) The same images as Figure 
1.5c. (D) Z values extracted image of (C) with z positions as colour coding. 
The scale bars in (C)&(D) are 2 µm. 
1.2.2 Photoactivated localization microscopy (PALM) 
PALM was invented in the same year as STORM, by Betzig et al. (Betzig, 
Patterson et al. 2006). The only difference is that PALM is using 
photoactivatable fluorescent proteins (PA-FPs) instead of photoswitchable 
organic dyes. Through several years development, several PA-FPs have been 
created for single molecule localization microscopy, such monomeric Eos 
(mEos) (Wiedenmann, Ivanchenko et al. 2004), tandem-dimer Eos (tdEos) 
(Shroff, Galbraith et al. 2008), and Dendra2 (Gurskaya, Verkhusha et al. 
2006). While above mentioned PA-FPs are illuminated by low intensity 405 
nm laser pulses, small subsets of PA-FPs change emissions from green to red, 
making signals sparse enough for single molecule detection. Then similar 
methods as for STORM could be applied to reconstruct PALM super-
resolution image.  
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One impressive advantage of PALM over STORM is that PALM is 
suitable for molecular counting, while immunostaining of primary and 
secondary antibodies in STORM may cause dramatic deviations in number of 
proteins counted due to uncertain properties of antibodies as well as uneven 
labelling. It is noteworthy that even in PALM, individual localization of 
blinking events is not equivalent to one single protein molecule, but it is only a 
part of the protein. This is caused by multiple detection of single fluorophore 
across many imaging frames, if the fluorescence persists longer than the frame 
exposure, or it undergoes multiple excitations before photobleaching. 
Therefore, registering the number of fluorescent peaks can overcount the 
number of proteins. In this regards, characterization of single fluorophore 
blinking properties is necessary to enable molecular counting. Importantly, the 
same imaging conditions should be kept for real sample acquisitions and 
calibration procedures. After obtaining the average number of localizations 
that one protein exhibits, the blinking events in real sample can be converted 
to the number of proteins. Lee and co-workers (Lee, Shin et al. 2012) 
compared mEos2 with Dendra2 for molecular counting purpose, and 
demonstrated Dendra2 as a better PA-FP for such application owing to its 
faster bleaching and less blinking. Although still a lot of aspects should be 
taken into consideration such as over-counting caused by multiple 
localizations of one fluorophore and undercounting due to inevitable 
simultaneous activation of nearby fluorophores or incomplete photoconversion, 
PALM provides a feasible path towards quantitative understanding of 
biological structures, which is unresolvable previously.  
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1.2.3 Localization microscopy for biological applications 
The superior nanoscale resolution that localization microscopy offers 
attracted much attentions and helped us understand many biological structures 
which were previously unclear, such as virus protein distributions (Lelek, Di 
Nunzio et al. 2012), actin cytoskeleton layers in neurons (Xu, Babcock et al. 
2012), periodical structure of adducin, spectrin and actin in axons (Xu, Zhong 
et al. 2013), relative positions of scaffolding proteins in synaptic structures 
(Dani, Huang et al. 2010), ultrastructure of organelles with membrane probes 
(Shim, Xia et al. 2012), the composite laminar protein architecture of focal 
adhesions (Kanchanawong, Shtengel et al. 2010), and revealing the structure 
of synaptonemal complexes (Schücker, Holm et al. 2015).   
In addition to the aforementioned applications, many plasma membrane 
associated proteins or complexes have been characterized by localization 
microscopy, for visualization of structures or quantifying molecular numbers. 
For example, hemagglutinin (HA) molecules have been observed using PALM 
at resolution close to 40 nm (Hess, Gould et al. 2007). The HA molecules 
form distinct clusters with various sizes ranging from 40 nm to several 
microns. Such clusters are constrained by the interactions between 
cytoskeleton and membrane proteins, leading to confined local diffusion of 
HA. Manley and co-workers also investigated the distribution and dynamics of 
two membrane proteins, Gag and VSVG, using single particle tracking PALM 
(Manley, Gillette et al. 2008). Heterogeneous distributions of both proteins 
were discovered, but with different distribution patterns. Gag exhibited puncta 
like structures at size of 100 to 200 nm, while VSVG displayed more gradual 
variations, without obvious dark spaces in between clusters. These two studies 
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pioneered the possibility of using PALM or STROM for quantitative analysis 
of membrane clusters.  
Different from other membrane associated proteins, cadherin-catenin 
complexes at AJs are usually higher up near the apical side of cells, which 
results in much poorer localization accuracy and smaller localization density, 
due to fewer photons captured for single fluorophores, as well as less 
detectable fluorophores. This is caused by spherical aberration, which 
becomes more severe if the desired structure is higher from the coverslip. 
Huang et al. (Huang, Wang et al. 2008) proposed a specially formulated 
imaging buffer, with refraction coefficient the same as the coverglass, to 
reduce the spherical aberration. Therefore, visualization of AJs under single 
molecule localization based super-resolution microscopy could be achieved 
either by using such imaging buffer, or if the targeted AJs are closer to the 
coverglass (within 1-2 µm). In the second case, an oblique incidence 
excitation (with the angle slightly below the critical angle of total internal 
reflection fluorescence (TIRF) should be applied to realize 1-2 µm 
illumination of the sample. This can potentially reduce a lot of out of focus 
signals, thus in turn, improves signal to noise ratio, and localization precision 
and density.  
Applying super resolution localization microscopy to AJs in Drosophila 
embryos, Quang and co-workers discovered nano-metric E-cadherin clusters 
with molecular numbers exhibiting a power-law distribution. They claimed 
that such clusters were controlled by endocytosis of large clusters and actin 
related fission and fusion mechanisms. Nevertheless, they neither clearly 
illustrated the geometrical sizes or densities of clusters, nor visualized the 
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structural information between E-cadherin and actin cytoskeletons. More 
should be done using localization based super-resolution microscopy to 
acquire quantitative understanding of clusters properties, as well as E-cadherin 
and cytoskeleton relationships.  
1.3 Objectives and outline of the thesis 
Due to the diffraction limit that conventional microscopy possesses, many 
cellular structures smaller than 250 nm remain elusive in terms of 
ultrastructure and quantitative information. Particularly for AJs, the exact 
organization of E-cadherin molecules at mature junctions and lateral junctions 
have not been quantitatively understood, and whether lattice structures similar 
to what has been observed in the crystal structure form between cells is still an 
open question. Moreover, the role of E-cadherin interactions, e.g. cis- or trans-
interactions, and E-cadherin-actin linking, has not been characterized at 
nanometre resolution in real junctions. And the molecular architecture of 
cadherin-catenin complex at AJs has not yet been visualized. Thanks to the 
development of optical microscopy, the 3D single molecule localization based 
super-resolution microscopy (3D STORM or PALM) improves resolution 
down to 20 nm at x-y plane, and 100 nm along axial direction, enabling us 
address the above questions in a quantitative manner. 
Here, we used 3D STORM or PALM to study the nanoscale organization 
of E-cadherin in spot-like and apical AJs, and found them both to be 
composed of similar sized clusters of E-cadherin, differing primarily in the 
spacing between clusters and in the proportion of clusters that are adhesive. 
The clusters are ~50 nm in diameter and heterogeneous in terms of number of 
E-cadherin receptors per cluster. The average density of these E-cadherin 
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clusters was ten fold smaller than the density predicted by the crystal structure, 
but importantly, crystal-packing densities were observed at the core of 
adhesive clusters. Deletion and point mutation experiments revealed that E-
cadherin clusters could be formed either by tail-dependent or extracellular 
domain-dependent mechanisms, and perturbation of both tail and extracellular 
interactions resulted in complete loss of E-cadherin clusters. We found E-
cadherin cluster size to be limited by cortical F-actin, and this corralling effect 
was dependent on its cytoplasmic tail. Dual colour 3D-STORM revealed E-
cadherin clusters to be surrounded by the F-actin meshwork, lending further 
support to the idea that the basic subunit of E-cadherin adhesion is a cluster 
that forms independently of cadherin-cadherin interactions and is delimited by 
a “fence” of F-actin. In addition, we also revealed the highly defined 
molecular architecture of AJs’ proteins and F-actin, via quantitatively 
measuring the distances of certain protein at apical junctions from 
neighbouring cells.  
Following this introduction, detailed experimental procedures used in this 
thesis are described in Chapter 2. Chapter 3 presents the major finding of the 
thesis. In-depth discussion and the concluding remarks are given in Chapter 4. 
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Chapter 2. Experimental Procedures 
2.1 Cell culture, plasmids and transfection 
Eph4 mouse mammary epithelial cells (a gift from Jean-Paul Thiery, 
IMCB, A-STAR, Singapore), cadherin-deficient (A431D) cells and stable 
lines of A431 epidermoid carcinoma cells expressing cadherin mutants 
described previously (Hong, Troyanovsky et al. 2010) (a gift from Sergey 
Troyanovsky, Northwestern University, Chicago, IL,), were cultured in 
DMEM with 10% FBS and 1% Penicillin-streptomycin (complete DMEM). 
Headless E-cadherin was cloned based on the canine E-cadherin-GFP plasmid 
(a gift from James Nelson, Stanford University, USA) using outward PCR and 
Gibson assembly (New England Biolabs, Ipswich, MA, USA) to delete the 
sequence coding for amino acids 166-688, including all five extracellular 
cadherin domains. The deletion was verified by sequencing.   
A431D cells were transfected with the headless E-cadherin in 6-well plate 
(CLS3516 SIGMA). The following reagent amounts were used for one well 
with 70% confluent coverslip. Firstly, 3 µL Lipofectamine 2000 (Life 
technologies) was added into 100 µL reduced serum Opti-MEM media and the 
solution was left at room temperature for 5 min. 1 µg headless E-cadherin 
plasmid was added into 100 µL reduced serum Opti-MEM media, mixed with 
above Lipo added solution, and the mixture was left at room temperature for 
30 min. After changing the cell media to 1.5 mL reduced serum Opti-MEM 
media, the plasmid-Lipo mixture was put into the well. Following 37 °C 
incubation with 5% CO2 for 4 hours, complete DMEM replaced the previous 
media, and the plate was further incubated at 37 °C with 5% CO2 for 24 hours 
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before fixation and immunostaining. Regarding to lifeact::Dendra2 
transfection, the same procedure was applied.  
2.2 Preparation of poly-L-Lysine treated coverslip 
Coverslips were incubated for five minutes with a solution of 5 mg of 
poly-L-Lysine (Sigma-Aldrich) dissolved into 50 mL of sterile tissue culture 
grade water. After rinsing thoroughly with water the coverslip was dried at 
least 2 hours before introducing cells and medium.  
2.3 Co-plating of A431 cells with A431D cells with full length E-
cadherin::Dendra2 
Equal number of A431 cells and A431D cells expressing full length E-
cadherin-dendra2 (2.5x10
5
 cells for each type) were plated on a pre-cleaned 
#1.5 coverslip. The coverslip was incubated in 6-well plate with growth 
medium described above for 48 hrs.  
2.4 Latrunculin-A treatment 
Confluent cells were treated with Latrunculin-A at a concentration of 0.2 
g/mL in growth medium for 20 min. The cells were then immunostained as 
described below. 
2.5 Treating cells with siRNA transfection 
The small interfering RNA (siRNA) transfection requires the following 
things to be double-autoclaved prior to transfection: tips (1000, 100 and 10 
µL), 1.5 mL Eppendorf tips, and PCR tubes. The following reagents should 
also be prepared: 5×-siRNA resuspension buffer, RNase-free water, RNase-
zap spray, alumaseal for resealing siRNA plates, and reduced serum Opti-
MEM media. This procedure was used for α- and β-catenin siRNA 
Chapter 2. Experimental Procedures 
27 
 
(Dharmacon) transfection. 1×-siRNA buffer was used to prepare 5 µM siRNA 
solution, which was then diluted in Tube 1 by mixing 10 µL 5 µM siRNA and 
190 µL Opti-MEM. The DharmaFECT (Thermo Scientific) transfection 
reagent was also diluted with Opti-MEM in Tube 2, by mixing 4 µL 
DharmaFECT with 195 µL Opti-MEM. Both tubes were mixed gently by 
pipetting carefully up and down and left at room temperature for 5 min. The 
content of Tube 1 was added to Tube 2, resulting in a total volume of 400 µL, 
followed by gentle mixing and incubation at room temperature for 20 min. 
Then 1600 µL antibiotic-free complete DMEM was added to the mix for a 
final volume of 2000 µL transfection medium and a final siRNA concentration 
of 25 nM. Finally, the transfection medium was added to the well, replacing 
the culture medium, followed by incubation at 37 °C with 5% CO2 for 48 
hours. This procedure was applied for both negative control and desired test 
siRNAs.  
2.6 SMIFH2 treatment for formin inhibition 
Confluent Eph4 monolayers were treated for 12hr with SMIFH2 (20uM, 
Tocris Biosciences), fixed with 4% PFA post-treatment and processed for 
immunofluorescence staining using antibody against E-Cadherin (Sigma) and 
Phalloidin labelling (Life Technologies) for visualizing actin. The detailed 
fixation and immunofluorescence labeling procedures are stated below.  
2.7 DAD expression 
Eph4 cells were seeded at a density of 2x10^5 cells/ml on glass coverslips, 
and transfected with a plasmid encoding the DAD domain from mDia1 tagged 
to mVenus-fluorescent tag (mVenus-DAD), using Lipofectamine 2000 
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(Invitrogen) as per manufacturer's instructions. Cells were fixed and processed 
for immunofluorescence 16-18hr post-transfection.  
2.8 Immunohistochemistry 
Confluent monolayer of cells were fixed for 15 min with 4% 
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA), washed, and 
then blocked using 10% FBS in DPBS, followed by 1h incubation at room 
temperature with rat anti-E-cadherin antibody (extracellular domain, Sigma-
Aldrich) and 45 minutes incubation with AlexaFluor 647 donkey anti-rat 
antibody (Life Technologies, Carlsbad, CA). Afterward, cells were post-fixed 
for 5 min in 3% PFA with 0.05% glutaraldehyde. For other primary antibodies,  
such as mouse anti-E-cadherin (intracellular domain, BD Biosciences), mouse 
anti-β-catenin (Sigma-Aldrich), mouse anti-vinculin (Sigma-Aldrich), rabbit 
anti-α-catenin (Abcam), rabbit anti-myosin IIA (Sigma-Aldrich), and rabbit 
anti-myosin IIB (Sigma-Aldrich), the same procedure was applied. Regarding 
to the secondary antibodies, AlexaFluor 647 goat anti-rabbit and AlexaFluor 
647 donkey anti-mouse are used with the same fixation method as mentioned 
above, but with permeabilization using 0.2% Triton-X100 in DPBS for 2 min 
immediately after the first fixation step. 
In case of Dendra2-fused E-cadherin stably expressed in A431D cells, 
only the first fixation step was performed. For actin staining, AlexaFluor 647 
Phalloidin (Invitrogen) at a concentration of 0.33 M was incubated after the 
fixation and blocking steps for either 30 min at room temperature or overnight 
at 4 ̊C. For co-plating experiments, the samples were fixed using the same 
method as mentioned above, but with permeabilization using 0.2% Triton-
X100 in DPBS for 2 min immediately after the first fixation step. Mouse anti-
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E-cadherin antibody (C20820, BD Transduction Laboratories) and AlexaFluor 
647 donkey anti-mouse antibody (Life Technologies, Carlsbad, CA) were used 
instead.   
If actin is the only target for 3D-STORM imaging, a different fixation 
protocol was used for the best results: cytoskeleton buffer (CB, 10 mM MES, 
pH 6.1, 150 mM NaCl, 5 mM EGTA, 5 mM glucose and 5 mM MgCl2) was 
prepared to preserve the detailed structure of F-actin. Coverslip with confluent 
cells were washed with warm PBS (37 °C) with calcium first. The cells were 
then fixed in two steps, by 0.2% glutaraldehyde and 0.1% Triton-X100 in CB 
for 2 min, and 2% glutaraldehyde in CB for 10 min, respectively. After this, 
freshly prepared 0.1% NaBH in PBS was applied for 7 min to reduce the 
background fluorescent, followed by 3 washes with PBS, 10 min each. The 
phalloidin staining was exactly the same as described above. 
2.9 Structured illumination microscopy (SIM) and image formation 
The sample preparation for SIM is exactly the same as the ones described 
in section 2.1 to 2.5. The image acquisition was performed on Nikon N-SIM 
microscope equipped with motorized inverted microscope ECLIPSE Ti-Ea, 
with piezo z stage (Mad City Labs, USA), an EMCCD camera iXon3 DU-
897E (Andor Technology Ltd.), 488 nm/100 mW laser and 561 nm/100 mW 
laser. The objective lens used was Nikon 100X Apo TIRF NA 1.49. The 
software interface is NIS-Elements with optional module software NIS-A N-
SIM Analysis. First of all, multiple images with high frequency structured 
illumination that is shifted in phase were captured in one direction. And such 
process was repeated for two other different angles. The series of images were 
then processed using advanced algorithms in NIS-elements with N-SIM 
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module. For 3D-SIM mode, sample scanning with step size of 0.2 µm (20 
steps) was applied to AJs, and the focal planes for apical or lateral junctions 
were identified and extracted.  
2.10 Sample preparation for super-resolution imaging 
Cells were cultured either on sterile #1.5 coverslips containing sparsely 
adsorbed plasmonic gold nanoparticle fiducials immobilized by ~50 nm of 
sputtered SiO2 (Hestzig LLC, USA), or pre-cleaned #1.5 coverslip without 
pre-embedded fiducial markers. For the latter 80-100 nm gold nanoparticles 
(Corpuscular, 790122-010) were incubated with the samples prior to imaging 
to serve as fiducial marks. Fixed cells were mounted in a PBS-based imaging 
buffer containing oxygen scavenger, made fresh before imaging: 45 mM Tris-
HCl, 9.4 mM NaCl, 9% Glucose, 100 mM mercaptoethylamine, 0.56 mg/mL 
Glucose Oxidase, and 0.034 mg/mL Catalase. The imaging samples were 
assembled by placing a clean coverslip on top of the cell-containing coverslip. 
Excess imaging buffer were then removed and the samples sealed by nail 
polish.  
2.11 Acquisition and processing of super-resolution datasets 
Single-molecule image acquisition was performed on a Nikon N-STORM 
microscope equipped with a piezo z stage (Mad City Labs, USA), an Ixon3 
512x512 pixels EMCCD camera (Andor, Belfast, UK), a cylindrical lens 
insert for astigmatism-based 3D imaging, 561 nm/150 mW laser for Dendra2, 
640 nm/100 mW laser for Alexa Fluor 647, and 405 nm/50mW for 
photoactivation. The objective lens used was Nikon 100X Apo TIRF NA 1.49. 
30,000 frames were acquired for each data set. For Alexa Fluor 647 imaging, 
raw images were acquired using continuous laser illumination (640 nm) at 30 
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frames per second. For Dendra2 imaging, the sample was continually 
illuminated with 561 nm laser in conjunction with pulsed illumination of the 
405 nm laser for photoconverting Dendra2 from green-emitting to red-
emitting, at 30 frames per seconds. To reduce out-of-focus background 
fluorescence, samples were first illuminated for 5 min with the 
imaging/deactivation laser at a low incidence angle to deplete fluorophores 
outside of the desired focal plane, then a highly oblique illumination geometry 
with the incidence angle slightly smaller than the critical angle was used for 
activation and excitation, restricting illumination to a depth of 2–3 μm into the 
cell sample.   
A raw dataset was typically acquired in several minutes, covering an 
imaging volume of 81.92 μm x 81.92 μm x 750 nm without the need for 
sample scanning. For dual colour imaging, two channels were acquired 
sequentially. Alexa Fluor 647 was acquired first since the 640 nm laser has a 
negligible effect on Dendra2. Afterward Dendra2 was imaged using the 
excitation at 561 nm and a weak photoactivation at 405 nm, with an mCherry 
(excitation: 566/40, emission: 630/75) filter set. Since the absorption of Alexa 
Fluor 647 at 561 nm is very low (~7% of maximum) and with most of the 
Alexa Fluor 647 emission rejected by the mCherry filter set, the crosstalk 
between Alexa Fluor 647 and dendra2 is found to be negligible. Raw data 
acquisition was performed with NIS-Elements AR software. Processing of 
single-molecule images to yield super-resolution datasets were carried out by 
custom-developed software written in IDL as described previously (Shtengel, 
Galbraith et al. 2009). Typically, each individual peak is fitted to 2-dimension 
Gaussian distribution, and the centroid of the distribution could be identified. 
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One thing should be noted that the real shape of individual blinking is not 
exact Gaussian, and can vary in different direction (Mortensen, Churchman et 
al. 2010). Thus, this can be achieved using the following equation (Thompson, 
Larson et al. 2002): 













                            (2.1) 
where I(x,y) represents the intensity of the diffraction-limited spot as a 
function of position, z0 is the intensity of the background, I0 is the peak 
intensity of the diffraction-limited spot, σx and σy are the widths of the 
Gaussian, and x0 and y0 represent the centroid position of the signal.  
To extract z-coordinate, a calibration curve was measured by translating 
the piezo z stage at constant rate of 25 nm steps over 2 m, using coverslips 
containing sparsely adsorbed plasmonic gold nanoparticle fiducials. After 
fitting each fiducial at different frames using above 2D Gaussian equation, the 
x-y ellipticity is determined:  
                                           𝜀 =
𝜎𝑥 − 𝜎𝑦
𝜎𝑥 + 𝜎𝑦
                                                     (2.2) 
where σx and σy are the Gaussian widths of the PSF. At the same time, the z 
positions of certain fiducials were read out from the z trajectory of the piezo 
stage. Then the x-y ellipticity was correlated with the corresponding z positons, 
based on which the polynomial fitting was performed to get a 1-to-1 function. 
For such fitting, the z positon centre should be adjusted to where the ellipticity 
is zero. Subsequently, the ellipticity of each detected molecule from real 
samples was calculated and compared with the calibration curve to extract the 
corresponding z coordinate (Huang, Wang et al. 2008).   
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Super-resolution images were reconstructed from the molecular 
coordinates by representing each molecule by a normalized 2D Gaussian 
whose widths correspond to x and y (Betzig, Patterson et al. 2006). Single-
channel 3-D data is rendered with colour encoding the z-coordinate as 
described previously (Kanchanawong, Shtengel et al. 2010). A single colour 
scheme was used from red to purple, covering the range from z=-350nm to 
z=350nm. 
The precision of the lateral (x-y) coordinate was calculated using the 
formula (Thompson, Larson et al. 2002): 









                                  (2.3) 
where σx,y is the localization uncertainty, s is the peak width, N is photons per 
blinking, a is the pixel size and b is the background photons, and estimated 
from ~10
6
 molecular events. From the above equation, the localization 
precision of x-y plane is positively correlated with photon number, but reduces 
with peak width, pixel size and background photons. The precision of the z 
coordinate was empirically determined from the Full-Width-at-Half-
Maximum of z position distribution histogram of isolated fluorophores 
observed in the samples.   
2.12 Characterization of the Photoswitching Properties of Alexa 
Fluor 647 and Dendra2 
AlexaFluor 647 donkey anti-mouse antibody (Life Technologies, Carlsbad, 
CA) was diluted 1:2000 in DPBS, sonicated for 15 min, and incubated with a 
clean coverslip. The sample was imaged under standard STORM imaging 
condition. The diluted antibody molecules were sparsely and non-specifically 
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adhered to the coverslip, allowing single molecule events corresponding to 
each individual antibody molecule to be identified.   
For Dendra2 characterization, A431D cells stably expressing full-length E-
cadherin::Dendra2 cells were used. 70% confluent cells on coverslip were 
fixed as above, treated with 2% Triton X-100 for 1 hr, and then flushed away 
by DPBS, leaving only cell residues behind. Afterward the sample was imaged 
under standard STORM imaging conditions. The remaining Dendra2 
molecules were sparsely distributed, allowing the blinking properties of 
individual fluorophore to be quantified. 
2.13 Quantification of E-cadherin cluster size and density 
2.13.1 Mean-shift clustering 
Mean-shift clustering (Comaniciu and Meer 2002) and subsequent analysis 
were performed in MATLAB (Natick, MA). The algorithm is based on the 
multivariate kernel density function, f(x), which describes the point density in 
certain dimensions:  






)𝑛𝑖=1                                        (2.4) 
where n is the number of data points, d is the dimension, in this case, d = 2, K 
is the profile of the kernel, which integrates to one, and h defines the radius of 
the kernel.  




Figure 2.1 Illustration of how the Mean-shift algorithm locate cluster centres. 
Each circle is an indication of starting position of the Mean-shift algorithm. 
As shown in Figure 2.1, for each iteration, the gradient of the density 
estimator f(x) point toward the steepest increase in density. After several 
iterations from randomly chosen initial points, the local maxima converged 
upon the cluster centres, and all accumulated points from each previous step 
were identified as belonging to the clusters. After all clusters were identified, 
the size and density of the clusters were calculated from the diameter and the 
number of points within each cluster. 
2.13.2 Density map 
Square window mask of desired size was scanned through the data sets. 
The number of molecules found within each window was then used to 
calculate the molecular density of the window, which in turn generated the 
density map. Quantification of density maps was performed by extracting the 
molecular densities within each 30nm×30nm window from five density maps 
for each cell line. Mann-Whitney non-parametric test was performed across 
density values from different samples.   
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2.13.3 Identifying adhesive and non-adhesive clusters 
Co-plating images from lateral junctions were acquired in two channels, 
green and red, and separately analysed by Mean-shift clustering. The cluster 
positions from the green channel were compared with those from the red 
channel. If the boundary of one cluster from green channel made contact or 
overlapped with any cluster from red channel, these two clusters were 
considered as adhesive. Otherwise, clusters were identified as non-adhesive. A 
similar method was applied to the apical junctions. If the edge-to-edge 
distance of clusters from different channels was less than 100 nm (the length 
of two extended E-cadherin molecules), the two clusters were defined as 
adhesive. Difference in the criteria between lateral and apical junctions is due 
to the orientation of the junction relative to the imaging axis: apical junctions 
are close to perpendicular to the imaging plane, maximizing the apparent 
distance of the cytoplasmic tails of adjoining E-cadherins, whereas the 
majority of the lateral junctions were at an angle of ~15 relative to the 
imaging plane, resulting in an apparent overlap of the signal from E-cadherin 
tails in adhesive clusters. 
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Chapter 3. Results 
3.1 Lateral and apical adherens junctions are both composed of 
nano-sized clusters of E-cadherin. 
E-cadherin at the interface between polarized Eph4 mammary epithelial 
cells was immunolabeled and imaged by diffraction-limited confocal 
microscopy. We observed E-cadherin-positive structures of two forms: a 
condensed band along the apical most portions of lateral membranes and 
sparse puncta throughout the remainder of the lateral membranes (Figure 
3.1A). The lateral puncta were most easily visualized in regions where 
neighbouring cell membranes met at an oblique angle, as depicted 
schematically in Figure 3.1B.  
Next, we used single-molecule based super-resolution microscopy, 
Fluorescence-PhotoActivated Localization Microscopy/STochastic Optical 
Reconstruction Microscopy (F-PALM/STORM) (Betzig, Patterson et al. 2006, 
Hess, Girirajan et al. 2006, Rust, Bates et al. 2006) to reconstruct nanoscale 
images of Eph4 cells immunolabeled for E-cadherin with a photoswitching 
fluorophore, Alexa Fluor 647. A weak cylindrical lens in the light path of the 
microscope introduced slight astigmatism, such that the Z-position of each 
fluorophore could also be determined with sub-diffraction accuracy (3D-
STORM) (Huang, Wang et al. 2008). Using oblique illumination (Tokunaga, 
Imamoto et al. 2008) we gathered information on the organization of E-
cadherin in both the apical and lateral E-cadherin structures at the depth of 
0.3-1.0 m.  





Figure 3.1 (A) Conventional light microscopy views of apical (red box) and 
lateral (yellow box) adherens junctions in Eph4 cells. (B) A schematic 
drawing of an entire cell-cell junction between Eph4 cells, illustrating with the 
red and yellow boxes at what position the images in A were taken. 
The increase in resolution attained by 3D-STORM, revealed that the apical 
junction, which appeared as a solid belt in conventional microscopy (Figure 
3.2A, insert) was actually made up of distinct clusters, tightly packed and 
evenly distributed along the cell-cell interface (Figure 3.2A’). Interestingly, E-
cadherin below the apical junction (“lateral”), formed clusters that 
qualitatively appeared very similar to the clusters observed in the apical 








Figure 3.2 (A) 3-dimensional stochastic optical reconstruction microscopy 
(3D-STORM) image of E-cadherin staining in an apical cell-cell junction 
(zonula adherens) between Eph4 cells (insert shows the diffraction limited 
image of the same cells). A’ is an enlargement of the region marked with a 
rectangle in A. In all 3D-STORM images the Z-position is colour-coded and 
intensity indicates position accuracy according to the look up table in each 
panel. (B) Lateral junctions (puncta adherens) in Eph4 cells stained for E-
cadherin and imaged by 3D-STORM. B’ is an enlargement of the region 
marked with a rectangle in B. 
 
Figure 3.3 Quantification of the X-Y and Z position accuracy of the data 
points in all 3D-STORM images. 
The accuracy in the X-Y and Z coordinates in our super-resolution images 
was assessed from the distribution of uncertainty of single molecule 
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procedures), and as shown in Figure 3.3, the majority of fluorophores were 
localized with an X-Y accuracy of 20 nm or better and with a typical Z 
precision of ~106 nm. 
The use of antibodies for labeling E-cadherin could potentially introduce 
artefacts due to partial inaccessibility, which would affect quantification. Also, 
potential variability in secondary to primary antibody binding, and in the dye-
labeling ratio of secondary antibodies could obfuscate stoichiometric analysis. 
To exclude the possibility of antibody-related artefacts we imaged by 3D-
STORM A431D cells (a line derived from A431 that lacks endogenous E-
cadherin) stably expressing a recombinant E-cadherin fused with the 
photoswitchable protein dendra2 (Hong, Troyanovsky et al. 2010).  
 
 
Figure 3.4 (A) Conventional light microscopy views of apical (red box) and 
lateral (yellow box) adherens junctions in A431D cells. (B) A schematic 
A 
B 
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drawing of an entire cell-cell junction between A431D cells, illustrating with 
the red and yellow boxes at what position the images in A were taken. 
These cells show a configuration of E-cadherin similar to Eph4 cells, 
except that they were taller and their lateral membranes, towards the bottom, 
were oriented in an almost flat angle relative to the cover glass (Figure 3.4). 
  
Figure 3.5 (A) 3D-STORM image of E-cadherin-dendra2 in an apical cell-cell 
junction between A431D cells. A’ is an enlargement of the region marked 
with a rectangle in A. In all 3D-STORM images the Z-position is colour-
coded and intensity indicates position accuracy according to the look up table 
in each panel. (B) Lateral junctions in A431D cells with E-cadherin-dendra2 
and imaged by 3D-STORM. B’ is an enlargement of the region marked with a 
rectangle in B. 
3D-STORM images of E-cadherin-dendra2 in A431D cells showed 
essentially the same pattern of organization as immunolabeled E-cadherin in 
Eph4 cells (Figure 3.5). For Dendra2 used in PALM at lateral junctions, the 










Figure 3.6 Quantification of the X-Y position accuracy of the data points in all 
3D-STORM images using E-cadherin-dendra2. 
3.2 Quantitative analysis of apical and lateral E-cadherin clusters 
reveals a wide range of densities. 
To quantitatively relate the number of E-cadherin molecules to the number 
of detected molecular events in Eph4 cells, the secondary antibodies 
conjugated to the photoswitchable fluorophore Alexa-647 were imaged after 
being separated by sonication and sparsely distributed on coverslips, and it 
was determined that 5.3 +/- 0.3 detected single molecule events correspond to 
each Alexa-647 fluorophore (240 measurements from 4 independent 
experiments). Thus, single molecule events corresponding to each individual 
antibody molecule can be identified.  




Figure 3.7 (A) The same image as in Figure 3.2A’. A’ is the clusters map after 
analysis using mean-shift algorithm according to local density maxima. For 
visualization purposes, all points belonging to the same cluster were plotted 
with the same colour. (B) The same image as in Figure 3.2B’. B’ is the 
clusters map after analysis using mean-shift algorithm according to local 
density maxima. 
To quantitatively analyse E-cadherin clusters and their nanoscale 
organization, we used the mean shift algorithm to group the E-cadherin signals 
in the super-resolution dataset into clusters. Mean shift clustering is a 
nonparametric iterative technique that does not require prior knowledge of the 
number of clusters and does not constrain their shape (Cheng 1995, 
Comaniciu and Meer 2002). Clusters identified by mean shift are local density 
maxima, and all points within an identified cluster converge to the same local 
maxima. Figure 3.7A depicts a representative 3D-STORM image of part of an 
apical junction in Eph4 cells, and Figure 3.7A’ displays the output of the mean 
shift clustering for the same region. The same algorithm was applied on lateral 









Figure 3.8 (A-C) Frequency histograms for the equivalent diameter of clusters, 
the spacing between clusters and the number of E-cadherin molecules per 
apical cluster (n=1281 clusters from n=10 junctions from n=3 experiments). 
The mean values and SEM can be found in Table 3.1. (D) Log-log plot of the 
frequency of number of E-cadherin molecules per apical cluster fitted by a 
power law curve.  
Once clusters were defined, we determined the equivalent diameter of each 
cluster, the spacing between clusters, and the number of molecules per cluster 
in 1281 clusters from 10 junctions in 3 different cells. Histograms depicting 
the pooled data are shown in Figure 3.8A-C. We found the median number of 
E-cadherin receptors per cluster to be six, the median cluster diameter to be 
60nm and the median value for spacing between clusters to be 157nm. A 
similar analysis performed for lateral clusters (Figure 3.9A-C) confirmed that 
they have similar median equivalent diameter, but the median number of 
molecules per cluster (4.6) was slightly lower. As expected, the median 
spacing between clusters in lateral membranes (277 nm) was almost 1.75 
times larger than in the apical junction.  
A B 
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Figure 3.9 (A-C) Frequency histograms for the equivalent diameter of clusters, 
the spacing between clusters and the number of E-cadherin molecules per 
lateral cluster (n=1513 clusters from n=12 junctions from n=4 experiments). 
The mean values and SEM can be found in Table 3.1. (D) Log-log plot of the 
frequency of number of E-cadherin molecules per cluster fitted by a power 
law curve. 
The same analysis was performed on the 3D-STORM data collected using 
A431D cells expressing E-cadherin-dendra2 (Figure 3.10 and Figure 3.11). 
Most photoswitchable fluorophores, including photoactivatable fluorescent 
proteins (PA-FPs), exhibit complex multiple on-off ‘blinking’ events which 
complicate direct quantification of molecule counts from the number of 
observed events (Annibale, Vanni et al. 2011, Sengupta, Jovanovic-Talisman 
et al. 2011). Although dendra2 appears somewhat less bright than other PA-
FPs, previous photophysical characterization indicated that dendra2 is 
comparatively suitable for molecule counting as it blinks less and bleaches 
faster (Lee, Shin et al. 2012). To calibrate the molecule count conversion ratio 
under our imaging conditions, we imaged very sparse E-cadherin-dendra2 in 
A B 
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membrane fragments, observing that 2.2 +/- 0.1 detected single molecule 
events correspond to each dendra2 molecule in good agreement with previous 
measurements (Lee, Shin et al. 2012). Our approach therefore enabled 
quantification of E-cadherin molecules observed in nanoscale clusters.  
 
 
Figure 3.10 (A) The same images as Figure 3.5B’. A’ is the clusters map after 
analysis using Mean-shift algorithm according to local density maxima. (B-E) 
Frequency histograms for the molecular densities of lateral clusters, the 
equivalent diameter of clusters, the spacing between clusters and the number 
of E-cadherin molecules per lateral cluster by the mean shift analysis (n=6025 
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SEM can be found in Table 3.1. (F) Log-log plot of the frequency of number 
of E-cadherin molecules per lateral cluster fitted by a power law curve. 
The results obtained for lateral clusters were very similar to the Eph4 
results, except that the cluster equivalent diameter was somewhat smaller 
(median 52 nm, Figure 3.10C), likely due to the fact that E-cadherin was 
labeled by dendra2 and not with primary and secondary antibodies that add 









Figure 3.11 (A) The same images as Figure 3.5A’. A’ is the clusters map after 
analysis using the mean-shift algorithm according to local density maxima. 
For visualization purposes, all points belonging to the same cluster were 
plotted with the same colour. (B-E) Frequency histograms for the molecular 
densities of apical clusters, the equivalent diameter of clusters, the spacing 
between clusters and the number of E-cadherin molecules per apical cluster by 
the mean shift analysis (n=2157 clusters from n=22 junctions from n=8 
experiments). The mean values and SEM can be found in Table 3.1. (F) Log-
log plot of the frequency of number of E-cadherin molecules per apical cluster 
fitted by a power law curve.  
The apical junction in A431D cells is substantially further away from the 
coverslip (~4.0m) compared to the apical junction in Eph4 cells, resulting in 
poorer resolution. This may account for the larger E-cadherin clusters obtained 
from the segmentation of the single molecule events by the mean shift 
algorithm into much larger E-cadherin clusters, with a median equivalent 
diameter of 112.97 nm (Figure 3.11C), although it may also reflect a true 
difference in organization between the two cell lines. Mean and median values 
C D 
E F 
Chapter 3. Results 
49 
 
of all quantitative parameters calculated for E-cadherin clusters in both cell 
lines are provided in Table 3.1. 
A recent super resolution microscopy study of adherens junctions in 
drosophila embryos observed that the distribution of cluster size, as measured 
by the number of E-cadherin molecules per cluster, followed a power law 
(Truong Quang, Mani et al. 2013). We examined the distribution of cluster 
size in both apical and lateral junctions of Eph4 and A431D cells and found 
that they could also be well approximated by a power law spanning 2 orders of 
magnitude (Figure 3.8D, Figure 3.9D Figure 3.10F and Figure 3.11F). 
However, the distribution of cluster equivalent diameter did not follow a 
power law, but rather was better approximated by a Gaussian distribution 
(Figure 3.8A, Figure 3.9A, Figure 3.10C and Figure 3.11C). Since the area of 
E-cadherin clusters did not scale in accordance with the number of molecules 
per cluster, this implied a spread in the range of cluster densities. Indeed, as 
shown in Figure 3.10B and Figure 3.11B, the majority of the calculated 
densities of E-cadherin clusters ranged from 20 to 100 molecules/(100 nm)
2
.  
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Table 3.1 Mean and median values of size, area, spacing and density of wild-
type and mutant E-cadherin clusters in Eph4 and A431D cells. 
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3.3 Sub regions with crystal packing densities are present within 
adhesive E-cadherin clusters. 
The range of densities we calculated for E-cadherin clusters in both Eph4 
and A431D cells was significantly lower than the density expected for a lattice 
of E-cadherin molecules arranged according to the crystal lattice (Harrison, Jin 
et al. 2011) (~360 molecules/(100 nm)
2
). We hypothesized that some of the 
clusters classified by the mean shift algorithm might be heterogeneous, 
consisting of smaller sub-domains, which may be composed of molecular 
oligomers packed at densities comparable to the crystal structure. To test this 
idea we generated local density maps of apical junctions and lateral clusters of 
A431D cells expressing E-cadherin-dendra2 using a range of bin sizes for the 
calculation of density around each molecule. A bin size of 60×60 nm
2
 
produced a density map in which clusters appeared very similar to the clusters 
generated by the mean shift algorithm at lateral junctions and the highest 
density observed was 100 molecules/(100 nm)
2
 (Figure 3.12A,B). However, 
by reducing the bin size to 30×30 nm
2
 we were able to detect within some of 
the clusters a much denser central core, with up to 360 molecules/(100 nm)
2
, 
corresponding to crystal-like packing density (Figure 3.12C,D).  





Figure 3.12 (A) Apical junction density map of E-cadherin-Dendra2 in A431D 
cells calculated using a bin size of 60×60 nm
2
. (B) Lateral junction density 
map of E-cadherin-Dendra2 in A431D cells calculated using a bin size of 
60x60 nm
2
 exhibiting clusters of comparable size to those identified by the 
mean shift algorithm. (C) Apical junction density map of E-cadherin-Dendra2 
in A431D cells calculated using a bin size of 30×30 nm
2
 exhibiting sub 
regions with densities comparable to crystal packing density. (D) Lateral 
junction density map of E-cadherin-Dendra2 in A431D cells calculated using 
a bin size of 30×30 nm
2
 exhibiting fewer sub regions with densities 
comparable to crystal packing density. 
To test whether the sub regions displaying crystal packing densities 
correspond to clusters of E-cadherin interacting with each other via the cis and 
trans interfaces found in the crystal structure we acquired 3D-STORM data for 
A431D cells expressing variants of E-cadherin-dendra2 with point mutations 
that abrogate either the cis or trans interaction or strengthen the trans 
interaction (Pertz, Bozic et al. 1999, Laur, Klingelhofer et al. 2002, Harrison, 
Jin et al. 2011). As expected, cis-abolishing V81D/V175D mutations resulted 
in the disappearance of sub regions with crystal packing densities from the 
density map (Figure 3.13A). Similarly, the trans-abolishing W2A mutation 
also resulted in the loss of high-density sub regions (Figure 3.13B). 
Conversely, strengthening the trans interaction with the D1A mutation lead to 
a dramatic increase in the area of sub-regions displaying crystal packing 
densities (Figure 3.13C). Quantification of the median density values from 
A B 
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multiple junctions confirmed a statistically significant difference between 




Figure 3.13 (A,B) Lateral junction density maps of E-cadherin-Dendra2 with 
cis-abolishing V81D/V175D mutations in EC1 and EC2 domains (A) or the 
trans-abolishing W2A mutation in EC1 domain (B) calculated using a bin size 
of 30×30 nm
2
 showing no sub regions of comparable densities to crystal 
packing density. (C) Lateral junction density map of E-cadherin-Dendra2 with 
the trans-enhancing D1A mutation calculated using a bin size of 30×30 nm
2
 
showing larger sub regions with crystal packing densities. Density is colour 
coded according to the look up table on the right. (D) Comparison of the 
median value inside 30×30 nm
2
 bins calculated from five density maps for 
each cell line. Non parametric Mann-Whitney test was used to compare the 
median density values for full length E-cadherin-dendra2, its cis-mutant, 
W2A-mutant and D1A-mutant. Median values are shown here. 
3.4 E-cadherin clusters can form independently of homophilic E-
cadherin interactions. 
Although the clusters formed by cis and trans mutants of E-cadherin-
dendra2 did not contain sub regions with densities corresponding to the crystal 
lattice organization, we were intrigued by the fact that they nonetheless did 
form lateral clusters with characteristics of area and size that were 
indistinguishable from wild-type E-cadherin-dendra2 (Figure 3.14). This 
suggested that E-cadherin clusters formed independently of adhesive 









Figure 3.14 (A) 3D-STORM was used to image A431D cells expressing full 
length E-cadherin-dendra2 with the cis-abolishing V81D/V175D mutations in 
its EC1 and EC2 domains. The white arrow indicates opening of junctions, 
showing weakened junctions in this cell line. A’ is a higher magnification of 
the region marked with a rectangle in A. (B) 3D-STORM image of A431D 
cells expressing full length E-cadherin-dendra2 with the trans-abolishing W2A 
mutation in its EC1 domain. The white arrow indicates opening of junctions, 
showing weakened junctions in this cell line. B’ is a higher magnification of 
the region marked with a rectangle in B. 
  
Figure 3.15 (A) 3D-STORM image of cell edges from A431D cells expressing 
full length E-cadherin-dendra2. A’ is a higher magnification of the region 
marked with a rectangle in A. An asterisk marks the opening in the monolayer. 
(B) 3D-STORM image of the basal membrane of A431D cells expressing full 
length E-cadherin-dendra2 on poly-L-Lysine treated coverslip. B’ is a higher 
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To test this possibility we imaged full length E-cadherin-dendra2 on the 
free edges of A431D cells facing an open space in the monolayer and on the 
basal membrane of A431D cells spread on poly-L-lysine (Figure 3.15). 
Statistical analysis showed that the cis and trans mutants of E-cadherin, as 
well as E-cadherin at the free edge, formed clusters indistinguishable from 
those formed by wild-type E-cadherin at lateral cell-cell junctions in terms of 
size and spacing and only slightly less dense (Figure 3.16). We verified that 
the observed clusters are at the plasma membrane and not in vesicles within 
the cell by immunolabeling non-permeabilized cells with an antibody against 
the extracellular domain of E-cadherin and observing the same clusters as with 
the dendra2 tagged E-cadherin (Figure 3.17). 
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Figure 3.16 (A) Quantification of number of cluster diameter, spacing between 
neighbouring clusters, molecules per cluster and density distributions of E-
cadherin clusters formed by the full-length cis mutant (n=2276 clusters from 
n=21 junctions from n=7 experiments). (B) Quantification of E-cadherin 
clusters formed by the full-length W2A mutant (n=3012 clusters from n=24 
junctions from n=8 experiments). (C) Quantification of E-cadherin clusters 
formed by the full-length E-cadherin at cell free edge (n=489 clusters from 
n=6 edges from n=3 experiments). (D) Quantification of E-cadherin clusters 
formed by the full-length E-cadherin on poly-L-Lysine treated coverslip 
(n=3897 clusters from n=9 basal membranes from n=3 experiments). (E) 
Statistical analysis of cluster diameter, spacing between neighbouring clusters, 
molecules per cluster and molecular densities among full length E-cadherin, 
different mutants and cell edges. The bar charts show median values.  
 
Figure 3.17 (A) 3D-STORM image of non-permeabilized A431 cells 
immunolabeled with antibody against the extracellular domain of E-cadherin. 





A431 E-cad staining 
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The observation that E-cadherin clusters formed independently of trans-
ligation suggested that clustering depends on interactions of the cytoplasmic 
tail. However, the extracellular domain could potentially engage in 
interactions other than the cis and trans interactions identified in crystal 
structures. To rule out this possibility we engineered and expressed in A431D 
cells a headless mutant of E-cadherin, which is missing all five EC domains. 
Headless E-cadherin localized throughout the plasma membrane and, as 
expected, it did not facilitate the formation of any cell-cell junctions in A431D 
cells (Figure 3.18). Remarkably, the headless mutant formed clusters 
(diameter of 42.1±2.3nm) at the membrane that were only slightly smaller 
than the clusters found in the cis and trans mutants or with full length E-
cadherin along the cell free edge, confirming that the initial clustering of E-
cadherin is dependent on cytosolic factors and independent of the extracellular 
domain.  
  
Figure 3.18 (A) 3D-STORM image of a single A431D cell expressing 
headless E-cadherin stained with Alexa 647. (B) A higher magnification of the 
region marked with a rectangle in A. 
A 
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Considering that based on their morphology non-adhesive clusters can 
appear indistinguishable from adhesive clusters we sought out a method to 
determine which E-cadherin clusters observed at cell-cell junctions are truly 
engaged in adhesive interactions with clusters in apposed cells and which 
clusters are non-adhesive. To this end we performed a co-culture experiment 
using A431 and A431D cells, which allowed us to uniquely label E-cadherin 
in each cell line and determine whether a cluster in one cell is matched by a 
cluster in the neighbouring cell or not. We utilized the fact that recombinant 
E-cadherin-dendra2 contains a small internal deletion (AA772–792), which 
eliminates the epitope for the anti-E-cadherin antibody C20820 (Hong, 
Troyanovsky et al. 2010). Thus, when A431 cells were co-cultured with 
A431D cells expressing E-cadherin-dendra2, the anti-E-cadherin antibody 
labeled only E-cadherin in the A431 cells while dendra2 reported uniquely on 
E-cadherin in the A431D cells.  
 
Figure 3.19 (A) 3D-STORM image of an apical junction between an A431 cell 
and an A431D cell expressing E-cadherin-dendra2. The E-cadherin antibody 
staining (Alexa 647) recognizes E-cadherin in A431 cells only. (B) An 
enlargement of the region marked with a rectangle in A. 
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Junctions between the two cell types were imaged using 3D-STORM and 
representative images for apical and lateral clusters are shown in Figure 3.19 
and Figure 3.20. As expected, in the apical junction the majority of clusters in 
A431D cells were closely matched by clusters in the apposed A431 cell, 
suggesting they are adhesive clusters (Figure 3.19). In contrast, at the lateral 
interface most of the clusters in one cell were not matched by a cluster in the 
neighbouring cell, indicating they were non-adhesive (Figure 3.20).  
 
Figure 3.20 (A) Lateral junction between A431 and A431D cells imaged by 
3D-STORM using the same method as in Figure 3.19. (B) An enlargement of 
the region marked with a rectangle in A. The yellow arrowheads point to the 
non-adhesive clusters, and the white ones point to adhesive clusters. 
In order to quantify the number of presumed adhesive and non-adhesive 
clusters we performed mean shift analysis for each label separately. In order to 
characterize the adhesive and non-adhesive clusters at AJs, we carefully 
examined the criteria and threshold to separate these two populations. For the 
purpose of simulating the apparent distance we expect to see from adhesive 
clusters we used the following published structures: E-cadherin extracellular 
domains forming trans interactions span 46.5nm (Harrison, Jin et al. 2011); 
the plasma membrane is 5nm thick (Stryer 1988); the proposed structure of the 
cytoplasmic tail of E-cadherin bound to p120-catenin and beta-catenin is 
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Chapter 3. Results 
61 
 
15nm (Ishiyama and Ikura 2012). Besides, there are also various electron 
microscope (EM) studies showing the structure of adherens junctions. More 
than 50 years ago, Farquhar et al. discovered that the intercellular space of 
zonula adherens is around 25 nm, by using EM (Farquhar and Palade 1963). 
However, there might be some artifacts during sample preparation for EM 
imaging, since dry samples were used then. With development of EM and 
fixation technologies, Hirokawa and Heuser observed that the intercellular 
spacing of zonula adherens was about 50 nm, with quick-freeze and deep-etch 
visualization method (Hirokawa and Heuser 1981), which is quite similar to 
above mentioned 46 nm, predicted by crystal structures of E-cadherin 
extracellular domains. Putting these lengths together (Figure 3.21) we 
approximate the distance between the ends of the cytoplasmic tails of E-
cadherins in neighbouring cells, when they are engaged in trans ligation, to be 
86.5nm. Due to the ~20nm uncertainty of localization the apparent distance 
between two sides of an adhesive cluster would thus range between 46.5nm to 
126.5nm.  In apical junctions, which were close to an angle of 90 relative to 
the imaging plane, we considered neighbouring clusters within 100nm (the 
length of two extended E-cadherin molecules) to be adhesive. When the 
junctions are tilted relative to imaging focal plane, as is the case at lateral 
junctions, the apparent distance becomes shorter, as a cosine of the tilt angle, 
and it depends also on the size of the cluster. For our calculations we used a 
cluster diameter of 52nm (refer to Table 3.1), which is the median equivalent 
diameter we found for lateral clusters in A431D cells with full-length E-cad-
dendra2. We found the majority of lateral junctions in A431D cells to have an 
angle of 15 degrees relative to the imaging focal plane. Under these conditions 
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adhesive clusters would not appear separated but rather would overlap by 
20nm. At an angle of 31 degrees two adhesive clusters viewed from the 
bottom would show 0nm separation. Therefore, in lateral junctions, which 
were slanted at an angle of 15 relative to the imaging plane, we considered 
clusters that appear to overlap or be in contact with a cluster in the other cell 
as putative adhesive and those that were separated from all clusters in the 
other cell as non-adhesive.  
 
Figure 3.21 The dimension of trans-ligated cell adhesion complex hypothetical 
model. The complex here includes E-cadherin, p120-catenin and β-catenin 
(Stryer 1988, Harrison, Jin et al. 2011, Ishiyama and Ikura 2012). 
The result of such quantification of 2528 clusters in 18 junctions revealed 
that 74.8% of clusters in the apical junction are putatively adhesive, whereas 
only 19.4% of the lateral clusters were identified as putative adhesive clusters. 
We found that in the lateral junction regions, the size distributions of adhesive 
and non-adhesive clusters were similar to each other, whereas the average 
molecular density of adhesive clusters was about 3 times higher than non-
adhesive clusters (Figure 3.22). 





Figure 3.22 (A) The density map for Figure 3.20B. (B,C) Frequency 
distributions for the equivalent diameter and the molecular density for 
adhesive and non-adhesive lateral clusters, identified by the mean shift 
analysis (n=2528 clusters from n=15 junctions from n=5 experiments). Blue 
lines: non-adhesive), and red lines: adhesive. 
3.5 E-cadherin clusters are delimited by F-actin. 
Our finding that E-cadherin clusters formed independently of extracellular 
interactions raised the question on the mechanism responsible for the 
confinement of E-cadherin within clusters. Previous work suggested that E-
cadherin mobility at the membrane may be confined by “fences” of cortical F-
actin (Sako, Nagafuchi et al. 1998, Kusumi, Suzuki et al. 1999), with a mesh 
size of 50-200 nm (Morone, Fujiwara et al. 2006). Hence, we investigated the 
relationship between F-actin and E-cadherin organization at the plasma 
membrane by co-staining A431D cells expressing full length E-cadherin-
dendra2 with a high concentration of phalloidin-Alexa-647. We imaged a 
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region of the cell-cell interface that is nearly parallel to the observation plane 
so that the relative position of E-cadherin and F-actin could be determined 
most accurately.  
  
 
Figure 3.23 (A) A431D cells expressing E-cadherin-dendra2 co-stained for F-
actin with phalloidin-Alexa647 and imaged by 3D-STORM at lateral 
membrane. (B) Enlarged 3D-STORM image of the cell-cell junction region 
demarcated in A showing mutual exclusive localization of E-cadherin (green) 
and F-actin (red). (C) Molecular coordinates from both F-actin and E-cadherin 
channels were plotted together and colour-coded according to their Z-position 
in order to distinguish their relative localization in terms of height. (D) 
Examples of individual E-cadherin clusters and associated F-actin at lateral 
membranes. The arrowheads point to the F-actin next to the clusters. 
As shown in Figure 3.23A,B the 3D-STORM imaging clearly showed that 
at the nanoscale resolution F-actin and E-cadherin were predominantly 
mutually exclusive. Based on their Z-positions we determined that the E-
cadherin cytoplasmic tails and F-actin were positioned at the same plane 
(Figure 3.23C). We quantified the degree of co-localization between F-actin 
and E-cadherin in our images and found it to be 0.076 (Mander’s coefficient), 
which is very small, and indicates that F-actin and E-cadherin clusters are not 
co-localized at all. Figure 3.23D contains several examples of the relationship 
D 
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between E-cadherin and F-actin at lateral regions of the membrane. The 
predominant phenomenon observed is that of an F-actin meshwork 
surrounding E-cadherin clusters. A potential caveat with these images is that 
the F-actin we observe is contributed by both cells making up the junction. To 
overcome this issue we co-imaged F-actin and E-cadherin clusters at junction-
free edges of A431D cells expressing full length E-cadherin-dendra2 and we 
found the same organization, namely an F-actin meshwork surrounding E-
cadherin clusters (Figure 3.24).  
   
Figure 3.24 (A) A431D cells expressing E-cadherin-dendra2 co-stained for F-
actin with phalloidin-Alexa647 and imaged by 3D-STORM at cell edges, 
showing similar mutual exclusive localization of E-cadherin clusters (green) 
and F-actin (red). (B) An enlargement of the region marked with a rectangle in 
A. (C) Examples of individual E-cadherin clusters and associated F-actin at 
cell edges. The arrowheads point to the F-actin next to the clusters. 
We also examined the relationship between F-actin and E-cadherin in 
apical junctions. There, in addition to the F-actin meshwork surrounding E-
cadherin clusters we identified F-actin bundles further away from the 
membrane. The relative positions of E-cadherin and F-actin in the images of 
the apical junction are shifted compared to lateral clusters because the 
observation angle relative to the membrane is shifted by almost 90 degrees, 
but they remained for the most part mutually exclusive (Figure 3.25).  
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Figure 3.25 (A) A431D cells expressing E-cadherin-dendra2 co-stained for F-
actin with phalloidin-Alexa647 and imaged by 3D-STORM at apical junctions, 
showing mutual exclusive localization of larger E-cadherin clusters (green) 
and F-actin (red). (B) An enlargement of the region marked with a rectangle in 
A. (C) Examples of individual E-cadherin clusters and associated F-actin at 
apical junctions. 
The observation of an F-actin meshwork surrounding E-cadherin clusters 
was consistent with the hypothesis that F-actin functions as a corral (Sako, 
Nagafuchi et al. 1998, Kusumi, Suzuki et al. 1999). To test this hypothesis 
directly we employed three complementary approaches. First, we used an 
actin monomer-sequestering compound Latrunculin-A to disrupt the cortical 
F-actin meshworks in A431D cells expressing full length E-cadherin-dendra2, 
and secondly we examined A431D cells expressing a mutant of E-cadherin-
dendra2 that is lacking the cytoplasmic tail. Thirdly, to confirm the effects of 
cytoplasmic tail on different cell types, we treated wild type Eph4 cells with α-
A B 
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catenin or β-catenin siRNA, and investigated the changes in E-cadherin 
clusters. 
  
Figure 3.26 (A) 3D-STORM image of A431D cells expressing full length E-
cadherin-dendra2 treated with Latrunculin-A (0.2g/mL) for 20 minutes, 
exhibiting larger than normal clusters. A’ is an enlargement of the region 
marked with a rectangle in A. (B) 3D-STORM image of A431D cells 
expressing an E-cadherin-dendra2 deletion mutant missing its cytoplasmic tail 
(“tail-less”) forming large clusters. B’ is an enlargement of the region marked 
with a rectangle in B. 
As shown in Figure 3.26A, Latrunculin-A treatment resulted in a 
substantial increase in the size and area of E-cadherin clusters. We quantified 
213 clusters from 3 cells and found a 1.8 fold increase in the median number 
of E-cadherin molecules per cluster and a 5 fold increase in their median area, 
resulting in a 3 fold decrease in density compared to cells with an intact F-
actin cytoskeleton (Figure 3.27A,C). We observed an even larger expansion of 
cluster size and area with the tail-less mutant of E-cadherin (Figure 3.26B and 
Figure 3.27B,C).  
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Figure 3.27 (A) Quantification of lateral E-cadherin clusters formed in A431D 
cells expressing full length E-cadherin-dendra2 treated with Latrunculin-A 
(n=213 clusters from n=10 junctions from n=3 experiments). (B) 
Quantification of lateral E-cadherin clusters formed in A431D cells expressing 
tail-less E-cadherin-dendra2 (n=1221 clusters from n=24 junctions from n=9 
experiments). (C) Statistical analysis of cluster diameter, spacing between 
neighbouring clusters, molecules per cluster and molecular densities among 
full length E-cadherin, Latrunculin-A treatment and tail-less E-cadherin. The 
bar charts show median values. 
Importantly, labeling of the cells treated with Latrunculin-A with 
phalloidin confirmed that the majority of the F-actin meshwork was gone, 
while thick actin bundles appeared to coalesce at cell-cell junctions, and 
interestingly the large E-cadherin clusters co-localized with the F-actin 
bundles (Figure 3.28A-C). Furthermore, dual label imaging of the tail-less 
mutant with F-actin revealed that in this case the two labels no longer exclude 
each other (Figure 3.28D-F). Quantification of the degree of co-localization of 









Figure 3.28 (A) Dual colour 3D-STORM image of Latrunculin-A treated 
A431D cells expressing full length E-cadherin-dendra2 with phalloidin 
staining, showing partial co-localization with the F-actin. (B) An enlargement 
of the region marked with a rectangle in A. (C) Further enlargements of 
individual E-cadherin clusters and F-actin.  (D) Dual colour 3D-STORM 
image of A431D cells expressing a tail-less E-cadherin-dendra2 with 
phalloidin staining, showing partial co-localization with the F-actin. (E) An 
enlargement of the region marked with a rectangle in D. (F) Further 
enlargements of individual tail-less E-cadherin clusters and F-actin. 
The knockdown of α-catenin or β-catenin by respective siRNAs both 
yielded increases in E-cadherin clusters size. As shown in Figure 3.29, in 
addition to larger clusters identified, merging of several smaller clusters into 
one can also be observed. Quantification of the cluster properties reveals that 
the average equivalent diameter is 14nm larger, the spacing between 
neighbouring clusters is 70nm smaller, and the number of molecules per 
cluster is doubled in both treatments compared with ones in negative siRNA 
control junction (Figure 3.30). Interestingly, the detected size of E-cadherin 
D E 
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clusters in the catenin knockdown cells are smaller than the ones in 
Latrunculin-A treated cells, or in A431D expressing tailless E-cadherin, 
suggesting that the cytoplasmic tail of E-cadherin might provide physical 
hindrance during E-cadherin diffusion at junctions, but such effects are not 
sufficient to restrict E-cadherin inside the actin corrals. It indicates that not 
only the existence of E-cadherin cytoplasmic tail, but also the linkage of E-
cadherin cytoplasmic tail to the actin meshwork at junction sites is essential to 




Figure 3.29 (A) 3D-STORM image of E-cadherin in EpH4 cells treated with 
α-catenin siRNA, exhibiting larger than normal clusters. A’ is an enlargement 
of the region marked with a rectangle in A. (B) 3D-STORM image of E-
cadherin in EpH4 cells treated with β-catenin siRNA, forming large clusters. B’ 
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Figure 3.30 (A) Quantification of lateral E-cadherin clusters formed in EpH4 
cells treated with α-catenin siRNA (n=2121 clusters from n=22 junctions from 
n=7 experiments). (B) Quantification of lateral E-cadherin clusters formed in 
EpH4 cells treated with β-catenin siRNA (n=1657 clusters from n=19 
junctions from n=7 experiments). (C) Statistical analysis of cluster diameter, 
molecules per cluster, molecular densities, and spacing between neighbouring 
clusters among negative siRNA, α-catenin siRNA and β-catenin siRNA 
treated cells. The bar charts show median values. 
B 
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3.6 Homophilic interactions of the extracellular domain also play a 
role in E-cadherin clustering. 
Our results showed that full length E-cadherin can form clusters 
independently of cis or trans interactions of the extracellular domain (Figure 
3.14, Figure 3.15 and Figure 3.18), which suggests a clustering mechanism 
that depends on the cytoplasmic tail connecting to actin meshwork. However, 
tail-less E-cadherin mutants also form clusters (Figure 3.26B). We 
hypothesized that cis and trans interactions of the extracellular domains, 
although not essential for clustering in the context of full length E-cadherin, 
were the driving force clustering tail-less E-cadherin. If that was the case, we 
expected E-cadherin in the tail-less clusters to form oligomers at crystal lattice 
density. We generated density maps (bin size 30×30 nm
2
) of tail-less E-
cadherin in A431D cells and as expected we found within the large clusters 
identified by the Meanshift algorithm vast swaths of E-cadherin packed at 
densities compatible with the crystal lattice (Figure 3.31).  
 
Figure 3.31 Density map of lateral junction of tail-less E-cadherin-Dendra2 
calculated using a bin size of 30x30 nm
2
. Density is colour coded according to 
the look up table on the right. 
1 µm 
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We further tested the role of homophilic interactions in the tail-less E-
cadherin by acquiring 3D-STORM data of cell-cell junctions in A431D cells 
expressing tail-less E-cadherin-dendra2 constructs with point mutations in 
their extracellular domains abolishing either cis or trans interactions 
(Troyanovsky, Sokolov et al. 2003, Harrison, Corps et al. 2005, Harrison, Jin 
et al. 2011).  
 
Figure 3.32 (A) 3D-STORM image of A431D cells expressing the tail-less E-
cadherin-dendra2 with the cis-abolishing V81D/V175D mutations in its EC1 
and EC2 domains. A’ is an enlargement of the region marked by a box in A, 
and A’’ is a density map of the same region in A’. (B) 3D-STORM image of 
A431D cells expressing the tail-less E-cadherin-dendra2 with the trans-
abolishing W2A mutation in its EC1 domain. B’ is an enlargement of the 
region marked by a box in B, and B’’ is a density map of the same region in 
B’. 
A A’ A’’ 
B B’ B’’ 
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As shown in Figure 3.32, both cis and trans mutations led tail-less E-
cadherin to exhibit a homogeneous distribution lacking any sign of clustering, 
confirming that homophilic interactions of the extracellular domain play a role 
in E-cadherin clustering, in parallel with a clustering mechanism that is 
cytoplasmic tail-dependent. Finally, these results also serve as a control for all 
our experiments with dendra2 tagged E-cadherin. Although oligomerization of 
PA-FP tags may potentially lead to clustering, the lack of clustering in the cis 
and trans tail-less mutants suggest that any contribution from dendra2 
oligomerization in our system is likely negligible. 
3.7 Inhibition of formin activity changes the morphology of AJs. 
As illustrated above, the architecture and dynamics of the actin 
cytoskeleton at AJs are essential to maintain E-cadherin clusters at either 
puncta-like lateral or mature apical junctions. Many actin regulatory proteins 
control the nucleation, branching, elongation, capping, stabilization, and cross-
linking of actin filaments (dos Remedios, Chhabra et al. 2003, Paavilainen, 
Bertling et al. 2004, Revenu, Athman et al. 2004), among which formins are 
responsible for nucleation and/or elongation of unbranched F-actin (Watanabe 
and Higashida 2004). Such filaments are essential for contractile force 
generation via combining with non-muscle myosin II for many cellular 
processes, such as AJs dynamics (Carramusa, Ballestrem et al. 2007). It has 
been shown that downregulation of mDia1 (one type of formins) in human 
cells resulted in significant reduction in localization of E-cadherin and other 
junctional proteins to AJs, which could be rescued by mouse mDia1 
(Carramusa, Ballestrem et al. 2007). Furthermore, mDia1 and active RhoA 
could induce the reinforcement of AJs via localization of mDia1 to the 
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cadherin-mediated AJs. Ryu et al. (Ryu, Echarri et al. 2009) also reported that 
mDia co-localized with β-catenin at AJs and was crucial for the formation and 
stability of AJs. 
In order to investigate the effects of formin inhibition on F-actin and AJs 
under nanoscale resolution, we treated Eph4 cells with SMIFH2 (universal 
formins inhibitor) and examined and quantified the changes on actin and E-
cadherin structures using 3D-STORM, by collaborating with my lab mate, 
Rao MV. The most apparent differences between control cells and SMIFH2 
treated cells were junction height and cell size (Figure 3.33). Control cells 
were taller, with at least 700nm between basal and apical sites of the junction 
(estimated from the look up table of z positions with colour coding), whereas, 
the junction height was dramatically reduced to 200nm in SMIFH2 treated 
cells. On the other hand, the cell area increased following SMIFH2 treatment, 
leading to a large but thin cell sheet. 
  
Figure 3.33 A) 3D-STORM image of E-cadherin staining in a lateral cell-cell 
junction between Eph4 cells (insert shows the z-stacks projection of confocal 
images throughout the entire junction from control cells). The Z-position is 
colour-coded and intensity indicates position accuracy according to the look 
up table in each panel. The white arrow heads indicate the apical sites of the 
junction, while the yellow arrow heads point the lateral junctions. (B) 3D-
STORM image of E-cadherin staining in cell-cell junction between Eph4 cells 
10 µm 10 µm 
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treated with SMIFH2 (insert shows the z-stacks projection of confocal images 
throughout the entire junction from treated cells). 
We then quantified the E-cadherin cluster properties (Figure 3.34) and 
found a slight decrease in cluster diameter, especially for lateral clusters. At 
the same time, the number of molecules per cluster for both apical and lateral 
clusters in SMIFH2 treatment increased almost 1.5 times compared to control 
clusters, making the molecular density almost double. Interestingly, the 
spacing between clusters at apical junctions remains unchanged, but lateral 
clusters in SMIFH2 treated cells are closer to each other than the ones in 
control cells. The detailed values can be found in Table 3.2. This might be 




Figure 3.34 Statistical analysis of cluster diameter, molecules per cluster, 
molecular densities, and spacing between neighbouring clusters among control 
apical, control lateral, SMIFH2 treated apical and SMIFH2 treated lateral 
junctions. The bar charts show median values. 
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Table 3.2 Median values of size, area, spacing and density of wild-type E-
cadherin clusters in Eph4 and SMIFH2 treated Eph4 cells. 
 
3.8 Inhibition of formin activity disrupts actin structures at AJs. 
Actin stress fibres at the basal side of cells were then examined for control 
and SMIFH2 treated cells. In Figure 3.35A, thick actin bundles could be 
observed near the basal membrane in control cells, while the majority of them 
were depleted in SMIFH2 treated cells (Figure 3.35B), confirming the role of 
formins in polymerizing unbranched actin filaments, and the efficacy of the 
SMIFH2 drug treatment.  
  
  
Figure 3.35 (A) 3D-STORM image of basal actin in wild-type EpH4 cells. A’ 
is an enlargement of the region marked with a rectangle in A. (B) 3D-STORM 
A EpH4 Actin staining 
Basal 
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image of basal actin in SMIFH2 treated EpH4 cell. B’ is an enlargement of the 
region marked with a rectangle in B. 
To visualize the changes of actin structures at AJs, we used 3D-STORM to 
acquire images of phalloidin-stained control and SMIFH2 treated cells at 
apical junctions, and then quantified the distance between two actin cables 
from apposing cells. As shown in Figure 3.36A, only apical signals were 
captured, and given the height of control cells the basal F-actin was out of 
focus. As shown in Figure 3.36A’, a gap could be identified between two 
stripes of actin structures from neighbouring cells. In contrast, SMIFH2 
treated cells are thinner, making apical and basal actin observable at a single 
focal plane using 3D-STORM. From the z-position colour table, we could 
estimate the distance between apical and basal to be less than 300nm, which is 
similar to the distance between apical and lateral junctions measured in Figure 
3.33. As shown in Figure 3.36B’, the gap between two actin stripes is less 
apparent compared to that in control cells, indicating that the architecture of 
actin at AJs was altered by formin inhibition, which likely explains the 
changes in E-cadherin cluster structures. We then quantified the change in the 
gap distances, the mean distance between two stripes of actin structure from 
control cell is 105nm, while the one in SMIFH2 treated cells is around 81nm.  





Figure 3.36 (A) 3D-STORM image of apical junctional actin in wild-type 
EpH4 cells. A’ is an enlargement of the region marked with a rectangle in A. 
(B) 3D-STORM image of apical junctional actin in SMIFH2 treated EpH4 
cells. B’ is an enlargement of the region marked with a rectangle in B. 
Next, we examined the  structural changes in F-actin at Ajs in the situation 
where endogenous formins are constitutively activated by the exogenous 
expression of DAD (Diaphanous auto-regulatory domain) domains (Alberts 
2001, Palazzo, Cook et al. 2001). As expected, the basal stress fibres were 
longer and thicker, owning to continuous nucleation and elongation of F-actin 
(Figure 3.37A). The gap distance between two actin strips at apical junctions 
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became slightly wider, compared with that in control ones (Figure 3.37B). The 
quantified values and statistical analysis of such gap distances in control, 




Figure 3.37 (A) 3D-STORM image of basal actin in EpH4 cells with DAD 
expression. A’ is an enlargement of the region marked with a rectangle in A. 
(B) 3D-STORM image of apical junctional actin in EpH4 cells with DAD 
expression. B’ is an enlargement of the region marked with a rectangle in B. 
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Table 3.3 Mean and median values of apical junction actin gap distances for 
control, SMIFH2 treated, and DAD expressed cells. 
 
 
Figure 3.38 Statistical analysis of apical junction actin gap distances among 
apical junctions in control, SMIFH2 treated, PP2 treated, and DAD expressed 
cells. 
From previous parts, we have confirmed that full length E-cadherin 
clusters are mainly dependent on the F-actin meshwork at AJs, and thus 
structural changes in junctional F-actin should affect E-cadherin clusters. 
Therefore, we did dual-colour imaging on E-cadherin and F-actin in control 
and SMIFH2 treated cells (Figure 3.39A,B), and quantified the co-localization 
coefficients (Figure 3.39C). The co-localization of E-cadherin and F-actin 
increased with SMIFH2 treatment, indicating that the actin meshwork might 
be disrupted, leading to collapsed actin structures locating closer to E-cadherin. 
Such collapse might reduce the “fences” size that actin created at AJs, 
resulting in smaller and denser clusters (Figure 3.34). 
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Figure 3.39 (A) Control EpH4 cells expressing Lifeact-Dendra2 co-stained for 
E-cadherin with Alexa647 and imaged by 3D-STORM at apical junctions, 
showing mutual exclusive localization of E-cadherin clusters (green) and F-
actin (red). A’ is an enlargement of the region marked with a rectangle in A. 
(B) Control EpH4 cells expressing Lifeact-Dendra2 co-stained for E-cadherin 
with Alexa647 and imaged by 3D-STORM at apical junctions, showing 
mutual exclusive localization of E-cadherin clusters (green) and F-actin (red). 
B’ is an enlargement of the region marked with a rectangle in B. (C) Statistical 
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analysis of % of dataset co-localized and thresholded Mander’s coefficient 
between apical junctions in control and SMIFH2 treated cells. 
3.9 Molecular architecture at AJs 
Now we know that E-cadherin clusters are mainly regulated by the 
structure and dynamics of F-actin at AJs. Although there are many molecular 
models that hypothesize the arrangement of proteins within the cadherin-
catenin complex, which is responsible for E-cadherin-F-actin connections, no 
one has clearly visualized such architecture in real junctions. Here we utilized 
3D-STORM to reveal the molecular positions of such complexes at AJs. To 
set the reference position of junctional proteins, we first investigated the 
distance between the tails of two E-cadherins from apposing cell. After 
identification of E-Cadherin clusters, the positions of center of each cluster 
were determined. Then, the distance between two apposing clusters was 
measured by the distance of centers of the two clusters. As illustrated in 
Figure 3.40, we used Mean-shift algorithm to identify clusters, and measured 
the distance between two clusters apposing each other. The mean distance 
obtained is 82 +/- 6 nm, which is quite close to the predicted distance 
indicated in Figure 3.21.  




Figure 3.40 (A) Processed greyscale 3D-STORM image of apical E-cadherin 
in EpH4 cells with 50nm z-thickness. Blue dots are identified centres of 
junctions in Matlab. (B) Distribution of fluorescent signals from E-cadherin 
cytoplasmic tails in apposing cells. 
We then examined several other proteins including β-catenin, α-catenin, F-
actin, vinculin, and myosin IIA (Figure 3.41). Since the distances for different 
proteins were measured separately, and no co-measurement was done, I did 
not measure the distance from respective protein to E-Cadherin clusters 
directly, and the values were estimated via an indirect way. Here I use β-
catenin as an example. I firstly determined the distances between apposing β-
catenin clusters. And then, for each data point I collected, the value was 
subtracted by the mean distance of E-cadherin clusters. The resulting data 
were used for statistical analysis. The n numbers are 32 distances measured for 
3 independent experiments, 156 distances measured for 5 independent 
experiments for α-catenin, 158 distances measured for 5 independent 
experiments for β-catenin, 13 distances measured for 4 independent 
experiments, 32 distances measured for 3 independent experiments, and 25 
distances measured for 3indenpendent experiments. It is shown that β-catenin 
is at the same distance as E-cadherin cytoplasmic tail. Similar to previous 
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sections, F-actin is situated about 14 +/- 4 nm away from the E-cadherin tail 
and β-catenin (Figure 3.42). The gap between β-catenin and F-actin is filled by 
α-catenin (8 +/- 1.4 nm away from E-cadherin tail), connecting β-catenin 
towards F-actin. Interestingly, vinculin is further away from the cadherin-
catenin complex, at 34 +/- 6 nm distance, while the standard deviation is about 
27 nm, meaning that the position of vinculin at AJs has a wide distribution. It 
could be found from beside of the cadherin-catenin complex till the stripe of 
actin filaments. It is also surprising to find myosin IIA so far away from AJs, 
with a distance of 138 +/- 17 nm. This suggests the hypothesis that the two 
populations of actin at AJs could probably be distinguished based on its 
association with myosin IIA. The one that can generate contractile forces is 
further away from the AJs, and the other that forms the “fence” is closer to 





































Figure 3.41 (A,C,E,G,I) Processed greyscale 3D-STORM image of apical β-
catenin, α-catenin, F-actin, vinculin, and myosin IIA in EpH4 cells with 50nm 
z-thickness. Blue dots are identified centres of junctions in Matlab. (B,D,F,H,J) 
Distribution of fluorescent signals from β-catenin, α-catenin, F-actin, vinculin, 
and myosin IIA in apposing cells. 
    
Figure 3.42 (A) Mean distance of apical β-catenin, α-catenin, F-actin, and 
vinculin towards E-cadherin cytoplasmic tail. (B) Mean distance of myosin 
IIA towards E-cadherin cytoplasmic tail 
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Table 3.4 Mean distance and standard error of mean (SEM) of apical E-
cadherin tail, β-catenin, α-catenin, F-actin, and vinculin towards E-cadherin 
cytoplasmic tail. 
 
Table 3.5 Mean distance and SEM between apposing apical E-cadherin tail, β-
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Chapter 4. Discussions and Conclusions 
During the initial stage of cell-cell contact, it has been observed that E-
cadherin molecules were in the form of clusters (Adams, Nelson et al. 1996, 
Adams, Chen et al. 1998, Vasioukhin, Bauer et al. 2000) and they are also be 
found at lateral junctions (Yonemura, Itoh et al. 1995, Hong, Troyanovsky et 
al. 2010). The clusters size was measured to be 0.3-0.7 micron in diameter 
under conventional microscopy. In this study, we have found that the mean 
equivalent diameter of the E-cadherin clusters was around 52-60nm, 10-fold 
smaller when comparing to previous studies. However, it is very likely that we 
are observing the same type of clusters with them, because our resolution by 
STORM is almost 10-fold higher than the conventional microscopy. It is 
noteworthy that the dimension of minimal structural unit revealed by EM in 
early cell-cell contacts was consistent with the clusters we observed here 
(Yonemura, Itoh et al. 1995, Miyaguchi 2000).  
It has been well known that E-cadherin clusters will move closer to each 
other to form more ordered adhesion interface, probably at apical site of cell-
cell contact, from both light and electron microscopy studies. For a long time, 
people speculated that the cadherin clusters at lateral junctions underwent a 
qualitative evolution to form a continuous belt at apical junctions, with 
uniform distribution of cadherin molecules. However, with improved 
resolution, our results showed that apical belt-like junctions were not in a 
continuous form, but were also made up of distinct cadherin clusters with the 
same size with the ones at lateral junctions, which does not support the above 
hypothesis. Thus, although E-cadherin clusters are more closely packed at 
apical junctions, they are still separate entities. Combining the results that E-
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cadherin clusters are corralled by cortical F-actin, it can be speculated that F-
actin at AJs may function as a barrier to prevent clusters from merging to 
larger organizations. This hypothesis needs to be further tested in the future. 
Moreover, the mechanism of packing E-cadherin clusters into apical junctions 
is also unclear, since our observation and characterization were performed 
using fixed samples by 3D-STORM imaging, which lacks the dynamic 
information. Interestingly, according to the results from Takeichi and 
Troyanovsky groups, cadherin clusters were observed to undergo an active 
movement with a basal to apical direction along F-actin cables in A431D cells 
expressing VE- or E-cadherin (Kametani and Takeichi 2007, Hong, 
Troyanovsky et al. 2010). Assuming the existence of a mechanism to stabilize 
cadherin clusters once they arrive at the apical junction, such as binding to F-
actin cables (Cavey, Rauzi et al. 2008), such cadherin flow could explain the 
closer packing of cadherin clusters at the apical junction.      
An important question in the field of cell-cell adhesion is what is the basic 
subunit of adhesion? Based on single molecule imaging of E-cadherin-GFP, 
Iino et al. proposed that E-cadherin oligomerizes independently of cell-cell 
adhesion and that these oligomers are the basic building blocks of adherens 
junctions (Iino, Koyama et al. 2001). This notion did not garner further 
support and the field, influenced by the crystal structures of E-cadherin and in 
vitro single molecule experiments (Shapiro, Fannon et al. 1995, Pertz, Bozic et 
al. 1999, Troyanovsky 2005, Zhang, Sivasankar et al. 2009, Harrison, Jin et al. 
2011), has adopted the view that the basic subunit of adhesion is an E-
cadherin monomer.  According to this view, in the absence of cell-cell contact 
E-cadherin receptors are uniformly distributed over the plasma membrane in 
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monomeric form. Contact with another E-cadherin-presenting cell facilitates 
the formation first of homophilic trans dimers, and only then the trans-dimers 
interact in cis to form clusters (Brasch, Harrison et al. 2012). Our super-
resolution mapping of E-cadherin at the plasma membrane and within 
adherens junctions provides strong supports for a model in which the basic 
unit of adhesion is a loose cluster of E-cadherin that forms independently of 
cell-cell contact.  
A recent paper by Strale et al. visualized E-cadherin oligomers between 
A431D cells and E-cadherin-Fc coated grid, by using transmission electron 
microscopy (TEM) at nano-meter scale (Strale, Duchesne et al. 2015).  Similar 
to our results, they also demonstrated that E-cadherins are organized in 
clusters, with the difference that our results are based on really cell-cell 
junctions. Reduced oligomerization of E-cadherin was observed if cis-
interface was disrupted. Furthermore, they also revealed that cis-interface 
disruption did not affect the junction formation, but increased the mobility of 
junctional E-cadherin. Their findings further confirmed that E-cadherin 
molecules appear as clusters at cell-cell interface, which form the basic units 
(oligomers) for junction formation. However, majorities of their oligomers 
only contains 2 to 3 E-cadherin molecules per cluster, while in this thesis, we 
showed one cluster contains 9.5 E-cadherin molecules in average at lateral 
junction, and 7.7 at cell free edge. This discrepancy might be due to different 
models used for cell-cell junctions. On the other hand, they showed some 
dynamic data to indicate the mobility of E-cadherin at junctions, while our 
results were mostly based on fixed samples. Thus, live cells could be 
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examined and tested for more complete understanding of E-cadherin at cell-
cell junctions.  
The idea that E-cadherin within adherens junctions interacts with other E-
cadherin molecules in the same way as it was found to interact in the crystal 
structure gained support from experiments in which the residues mediating cis 
or trans interactions were mutated in tail-less E-cadherin and cell-cell 
junctions were lost (Harrison, Jin et al. 2011). However, as others have noted 
before (Harris and Tepass 2010, Troyanovsky 2012), the overall density of E-
cadherin molecules at adherens junctions, based on light and electron 
microscope imaging, was estimated to be in the range of 14-24 
molecules/(100nm)
2
 (Hirokawa and Heuser 1981, Miyaguchi 2000, McGill, 
McKinley et al. 2009), which is ~15 fold smaller than the density of 360 
molecules/(100nm)
2 
predicted by the crystal structure (Harrison, Jin et al. 2011) 
(including E-cadherin from both sides of the junction). We believe our data 
solves this conundrum. Using super-resolution microscopy to individually 
localize all E-cadherin receptors within an adherens junction, we were able to 
confirm the existence of E-cadherin packed at crystal lattice densities, but 
importantly, such high densities were observed only in small regions of the 
junction (100-900nm
2
) that existed as sub-regions within larger E-cadherin 
clusters. The median density of these larger clusters was 29.6 
molecules/(100nm)
2
, which is similar to the upper value obtained by previous 
methods (Hirokawa and Heuser 1981, Miyaguchi 2000, McGill, McKinley et 
al. 2009).  
According to the overall density of E-cadherin clusters we observed, only 
a subset of the molecules inside clusters were at crystal lattice packing, while 
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others are not engaged in cis or trans interactions. This raises the questions: 
What drives their formation? And how are their borders defined? Based on the 
results of our experiments with E-cadherin mutants, it is suggested that both 
the EC domains and the cytoplasmic region could be the driving force of E-
cadherin clustering, and the two parties act cooperatively in wild-type E-
cadherin to define the clusters. Thus, abolishing either cis or trans interactions 
by point mutations in the extracellular domain or deletion of the entire 
extracellular domain did not inhibit the formation of E-cadherin clusters. This 
result is consistent with our finding that the majority of lateral E-cadherin 
clusters are non-adhesive. In these cases we presume clustering is driven by 
the cytoplasmic tail. Although a molecular mechanism for tail-driven 
clustering has not yet been described, it has been reported previously for E- 
and N-cadherin (Katz, Levenberg et al. 1998, Yap, Niessen et al. 1998), and 
presumably involves one or more of the adaptor proteins interacting with the 
E-cadherin tail (Petrova, Spano et al. 2012) and/or its indirect interaction with 
F-actin (Cavey, Rauzi et al. 2008). Nevertheless, deletion of the cytoplasmic 
tail does not prevent clustering. Previous work suggested that clustering of the 
tail-less E-cadherin is driven by homophilic interactions of the extracellular 
domain (Harrison, Jin et al. 2011). Our findings support this idea, as the 
density of tail-less E-cadherin clusters is consistent with crystal-lattice density. 
Furthermore, cis and trans mutations in a tail-less E-cadherin resulted in its 
complete inability to form clusters. It is noteworthy that mutations in either cis 
or trans interaction gave essentially the same result, in line with the idea that 
the two interactions act cooperatively in the process of E-cadherin clustering, 
as has been proposed by modeling (Wu, Vendome et al. 2011).  
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Interestingly, tail deleted E-cadherin formed substantially larger clusters 
than the full length protein, indicating that in addition to driving clustering the 
tail also plays a restraining role with regard to cluster size. Moreover, we 
found that this restriction is, at least in part, due to the presence of an F-actin 
cortical meshwork, as depolymerisation of the F-actin cortex resulted in 
similar expansion of E-cadherin clusters. It has long been known that F-actin 
plays an important role in organizing and stabilizing E-cadherin clusters 
(Adams, Nelson et al. 1996, Vasioukhin, Bauer et al. 2000, Kovacs, Goodwin 
et al. 2002, Chu, Thomas et al. 2004, Cavey, Rauzi et al. 2008, Hong, 
Troyanovsky et al. 2013). It has been proposed that F-actin templates E-
cadherin clusters by providing binding sites along the filaments. However, our 
dual colour 3D-STORM imaging of F-actin and E-cadherin revealed a very 
different relationship. We found full length E-cadherin clusters to be 
surrounded by F-actin, with very little overlap between the two proteins, 
whereas the tail-less E-cadherin mutant was equally likely to overlap with the 
F-actin meshwork. Thus, it appears that the cortical F-actin meshwork serves 
as a mold for E-cadherin clusters to form within its spaces.  The notion of the 
F-actin cortex acting as a corral for E-cadherin clusters was previously 
suggested by Kusumi and colleagues based on single molecule tracking and 
optical tweezers (Sako, Nagafuchi et al. 1998, Kusumi, Suzuki et al. 1999). 
Lambert and co-workers implemented single particle tracking for N-cadherin 
coated beads on the cell surface (Lambert, Choquet et al. 2002). They 
discovered that the N-cadherin coated beads exhibited diffusion restricted 
backward movement on the cell surface, due to N-cadherin anchoring to the 
actin cytoskeleton. Interestingly, they also found that N-cadherin loading 
Chapter 4. Discussions and Conclusions 
96 
 
density on beads affected the type of movements. With high N-cadherin 
loading density, the beads movement was instantly restricted to directional 
motion, while biphasic behavior was observed with an initial diffusive phase 
followed by directed movement after lowering the loading density. They also 
showed that anti-N-cadherin antibodies coated beads presented the similar 
behavior of N-cadherin coated beads, while anti-NCAM antibodies coated 
beads never adopted the directional movement, but with high diffusivity. Their 
results suggested that higher N-cadherin density led to faster binding to the 
endogenous cadherin clusters on the cell surface, resulting in controlled 
movement by actin meshwork at the surface of lamellipodia. This is consistent 
with our results showing E-cadherin clusters at the free edge of cells. 
Furthermore, we also showed that headless E-cadherin at cell surface also can 
form clusters, indicating the crucial role of cytoplasmic tail of E-cadherin 
corralling by actin meshwork.  
More recently, it has been shown that cortical actin remodeling by ERM 
proteins controls B-cell receptor microcluster organization (Treanor, Depoil et 
al. 2011) and super resolution microscopy of other transmembrane proteins 
points to a role for F-actin in their organization as well (Jaqaman and 
Grinstein 2012). We hypothesize that partitioning of E-cadherin into pre-
adhesion clusters may be an ultrastructural prerequisite of E-cadherin ligation 
and represents the “diffusion trap” predicted by Honig and colleagues (Zhang, 
Sivasankar et al. 2009). It is important to note that the mutual exclusion 
between E-cadherin and cortical F-actin we described does not contradict with 
the notion of E-cadherin interacting with non-cortical F-actin (Ratheesh and 
Yap 2012). Indeed, we identified additional bundles of F-actin at apical 
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adherens junctions and their relationship with E-cadherin clusters will be the 
subject of future investigations.  
Further elucidation of the relationship between E-cadherin clusters and the 
actin structures was performed in formin inhibition and activation experiments. 
It has been shown that formin family proteins are essential for adherens 
junctions maintenance and strengthening (Ryu, Echarri et al. 2009, Baum and 
Georgiou 2011), by polymerizing unbranched F-actin at junctions (Kobielak, 
Pasolli et al. 2004). Dia 1 was also found to be responsible for controlling E-
cadherin organizations at AJs (Carramusa, Ballestrem et al. 2007). 
Nevertheless, the understanding of the structural changes at adherens junctions 
under formin depletion is limited. Here, we discovered that the overall height 
of the AJs decreases dramatically, the E-cadherin cluster size shrinks and 
cluster density increases after formin inhibition. In addition, F-actin stripe 
comes closer to cadherin cytoplasmic tails at one side of the junction, which 
might suggest that there might be a minor population of actin structure acting 
as pillars, supporting and keeping the major stripe away from the cadherin-
catenin complexes. This further supports the existence of two distinct actin 
populations at AJs, one of them is affected by formin inhibition, while the 
other one is not. However, the signalling pathways and how such structures 
are regulated by formins remains elusive, and further experiments are required 
to reveal the detailed mechanisms.  
One important fact is that the plasma membrane and cortical actin undergo 
continues dynamic remodeling and interplay while exposing to varies of 
external stimuli. And, maintaining cortical actin and keeping remodeling it is 
an essential factor for many cellular processes and functionalities, such as 
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endocytosis, adherence junctions, focal adhesion, and etc (Chhabra and Higgs 
2007, Blanchoin, Boujemaa-Paterski et al. 2014). A recent review by 
Saarikangas et al. summarized that the lipid membrane contains diverse type 
of actin-binding proteins (Saarikangas, Zhao et al. 2010). Among them, some 
are directly connecting to cortical actin, such as ERM proteins (Fehon, 
McClatchey et al. 2010), while others are actin regulating proteins, like 
Wiskott-Aldrich syndrome protein (WASP) (Papayannopoulos, Co et al.)  and 
cofilin (Gorbatyuk, Nosworthy et al. 2006). Interestingly, many membrane 
associated proteins exhibit dynamics and membrane distributions that do not 
follow thermal and chemical rules, indicating that they might be closely 
controlled by cortical actin (Gowrishankar, Ghosh et al. 2012). Therefore, our 
findings that cortical actin could form a mold to restrict the E-Cadherin 
clusters size might set as a strong evidence for this statement, and we might 
pursue more on dynamics perspective for more complete understanding of this 
process.  
To date, many researches have proposed the molecular architecture of 
adherens junctions (Nagafuchi 2001, Meng and Takeichi 2009, Zaidel-Bar 
2013, Takeichi 2014), whereas no study has demonstrated the real 
ultrastructure of cadherin-catenin complexes connecting with F-actin by direct 
visualization using optical microscopy. The molecular ladder we observed by 
3D-STORM forms the foundation for such a view, by showing the position of 
the most basic components at the adherens junctions. Further investigations on 
other proteins with cells under different conditions are necessary to construct 
the full map of such ultrastructure. 
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In conclusion, our super-resolution data supports that the basic subunits of 
E-cadherin molecules at cell membrane before adhesion formation are 
nanoscale precursor clusters, which can be engaged into adhesive contacts, 
followed by incorporation into apical junctions.  In lateral junctions, the 
loosely packed nanoscale clusters are the predominant form of E-cadherin, 
which is independent of extracellular connection between cadherin molecules 
from apposing cells. After deletion of E-cadherin cytoplasmic tail or 
disruption of cortical actin, the extracellular interactions of E-cadherin lead to 
enlarged clusters size, which suggested that the nanoscale clusters are 
delimited by the cortical F-actin meshwork, which partition the plasma 
membranes into corrals on the scale of 100-200 nm. With complete function 
of cortical F-actin, adhesive interactions between apposing E-cadherin 
molecules drive the formation of crystal packing cores within the sub-region 
of E-cadherin clusters, and these adhesive clusters are enriched in mature 
apical junctions. The nature of the interactions between E-cadherin and 
cytoplasmic adaptors that actuate this compacting transition, and whether this 
process is influenced by mechanical tension, remain an open question and a 
subject of further studies. Our results suggest that the size of the precursor E-
cadherin clusters are determined by the organizations of cortical F-actin and 
perhaps configuration of membrane domains, while the oligomeric scale of the 
dense adhesive core may be limited by steric interactions between the 
cytoplasmic partners of E-cadherin. The hierarchical and modular organization 
of E-cadherin could contribute to the adaptive plasticity of adherens junctions, 
which are frequently called for in a living animal. The schematic illustration of 
the model and the process are presented in Figure 4.1. 




Figure 4.1 Schematic illustration of E-cadherin clusters formation and 
development. The bottom part showing the apical junction contains two 
populations of F-actin, one is the meshwork that delimits the cluster size, and 
the other is longer actin fibres further apart from the junction. 
Last but not least, we also showed the molecular architecture of adherens 
junctions, by quantifying the positions of some essential junctional proteins, 
such as β-catenin, α-catenin, F-actin, vinculin, and myosin IIA, relative to E-
cadherin cytoplasmic tail. This is the commencement of revealing the relative 
positions of important proteins at adherens junction, and could be expanded to 
the full map of proteins hierarchy for thorough understanding of this important 
biological functional module. Figure 4.2 summaries the molecular architecture 
of several important proteins. 




Figure 4.2 Molecular architecture of adherens junctions, showing the relative 
positions of β-catenin, α-catenin, F-actin, vinculin, and myosin IIA to E-
cadherin cytoplasmic tail. 
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Chapter 5. Future Work 
In this thesis, we solved two timely important scientific questions: the 
nanometric organization of cadherin adhesion molecules and the relationship 
between the cadherins and actin filaments at adherens junctions. Following 
this thesis, some future directions are suggested here. 
First of all, all the work done in this thesis was based on fixed samples, 
which lacks dynamics information. Recently, Zhuang and co-workers 
demonstrated fast, three-dimensional super-resolution imaging of live cells for 
clathrin-coated pits and the transferrin cargo, with spatial resolution of 30 nm 
and temporal resolution of 1-2 s (Jones, Shim et al. 2011). Therefore, live cell 
imaging under STORM is desirable for revealing more complete 
understanding of E-cadherin clusters at adherens junctions. In this case, 
A431D cells expressed with E-cadherin-Dendra2 will be used due to its fast-
switching property (Lee, Shin et al. 2012). After establishing reliable system 
for such application, dual-colour imaging will also be explored to involve 
actin filaments to uncover the dynamic relationship between E-cadherin 
clusters and junctional cytoskeleton. 
Secondly, in addition to investigating the effects of different mutations on 
E-cadherin molecules, mechanical stimuli could also be applied on junctions. 
In this case, PDMS membrane could be utilized for cell seeding and growing 
(Liu, Tan et al. 2010, Carpi and Piel 2014, Cui, Hameed et al. 2015), after 
which different extend of stretching of the membrane will be implemented on 
confluent cell sheets. Then, cells with distinct stretching strength will be fixed 
and examined under 3D-STORM. The changes on clusters size, molecular 
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density and clusters distance could be compared with normal cells, to show 
how adherens junctions respond to mechanical changes. 
Last but not least, junction formation process could also be investigated by 
Ca
2+
 switch process with controlled cell seeding on patterned substrates 
(Hong, Troyanovsky et al. 2011). During the junction formation process, cells 
will be fixed at different time points, and molecular architecture as well as E-
cadherin clusters can be observed and analyzed. After establishing the mature 
technique for Ca
2+
 switch with controlled cell seeding, live cell imaging by 
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